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‘The most exciting phrase to hear in science, the one that heralds new

discoveries, is not 'Eureka!' but "That's funny..."
—- Issac Asimov
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| INntroduction

Stars arise from regions of cool, dense gas and dust that are called molecular clouds.
Molecular clouds represent one phase of the interstellar medium (ISM), which
comprises of any gas and dust found between stars within a galaxy. After a stars
life, if the star is massive, it violently explodes as a supernova, expelling gas dust
and processed materials back into the ISM. If the star is not massive, like our Sun,
the star will passively shed its outer layers, also returning gas dust and processed
materials back into the ISM.

'This cycle of stars forming from gas and dust, processing the material through-
out the stars lifetime, and then returning the material back into the ISM is what
allows stars to interact so strongly with their environments. The star formation cy-
cle occurs with varying degrees of intensity, which shape the surrounding galaxy
environment. The lowest star formation intensity occurs in elliptical galaxies, where
there is little remaining star-forming gas and thus very few young stars. Here, only
the smallest, oldest, and least influential stars remain. A typical, or normal, in-
tensity of the star formation cycle is what we observe in spiral galaxy disks. This
environment is most similar to our local galactic neighborhood.

The most extreme star forming cycle results in a starburst, where stars are
formed anywhere from 10-1000 times the 'normal' rate. This high intensity cy-
cle can occur throughout an entire galaxy, or in isolated regions within a galaxy.
One unique type of star formation cycle is that which occurs in galaxy centers.
There, the star formation cycle is not isolated, but influenced by many additional
physical processes, from super massive black holes and powerful shock waves to
high densities and intense radiation fields. This thesis aims to understand how the
extreme conditions of the ISM in luminous galaxy centers are affected by processes
related to star formation.



2 Introduction

11 The Extreme Environments of Galoxy Centers

The centers of galaxies are extreme environments, in which many physical processes
are occurring in the same location. In the most extreme objects, such as ultra lu-
minous infrared galaxies (ULIRGs), these processes are particularly violent, and
can even be responsible for turning a healthy blue star-forming galaxy into a red
and dead one. The extreme centers play a key role in determining the structure
and evolution of their host galaxies by flooding the gas and dust with radiation
and injecting it with mechanical energy in the form of winds, outflows, super-
novae, shocks, and turbulence. Ultraviolet (UV) radiation, dissipating mechanical
energy, and higher energy radiation (from X-rays and cosmic rays) are the main
physical processes that affect the gas, dust, and eventually, the star formation in
these systems. Analysis of the interplay between the various processes lends insight
into the regulation of star formation, which determines the evolution of the most
extreme environments in the local universe. These processes are magnified in the
most extreme galaxies.

111 Starbursts and (UJLIRGs

Many extreme galaxies are undergoing starbursts. A starburst is a region, in which
a large amount of molecular gas is being rapidly formed into massive stars. Com-
pared to a normal star-forming galaxy with a star formation rate of 1 M, yr—1,
the corresponding star formation rate in a starburst can be anywhere from 10 to
1000 Mg, yr~!. Such galaxies are often in some stage of interaction (i.e. merging),
which is thought to ignite an intense episode of star formation ([[insley & Lar]
sor] 1978). As a large mass of gas and dust is transported inward, the gas density
in the center of the galaxy increases. The increased density spurs the molecular
clouds to collapse and form massive stars (Blitz & Shy 1980). The stellar winds
and shocks produced by supernovae further compress and disturb the ISM, which
may result in yet more star formation. The excessive amount of mechanical energy
in the galaxy nucleus often drives outflows that can extend up to a kiloparsec from
the disk. It is possible not only for the ionized and atomic, but also for molecular,
star-forming gas to escape through these outflows, as seen in the outflow of M82
(Figure [T, Engelbracht et al] 2006). Both the outflows and the limited supply of
molecular gas will eventually quench the starburst.

(U)LIRGs are an even more remarkable class of objects exhibiting an extremely
high amount of infrared luminosity, Ls_1000um >10!" L, for LIRGs and
Lg_1000um >10'? Lg for ULIRGs (Genzel & Cesarsky 2000). These galaxies
were first proposed as a class after they were observed with the InfraRed Astron-

omy Satellite (IRAS), which was launched in 1983 (Houck et al] 1985). They all
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Figure 1.1: Left: The starburst galaxy M82, observed in the visible wavelength range by
NOAO in Tuscon, AZ. Right: The same galaxy (M82) observed in the infrared at 3.6y (blue),
4.5um (green), and 8um (red) with Spitzer IRAC. We observe the molecular outflow in the
8um, red image, which traces polycyclic aromatic hydrocarbons (PAHSs); molecules known to
be associated with star formation.

contain massive amounts of molecular gas and more detailed studies of the spec-
troscopic cooling lines have been carried out with the Infrared Space Observatory
(ISO, Malhotra et all 1997; Luhman et al] 1998). The objects are hosts to intense
starbursts, active galactic nuclei (AGN) in the form of a rapidly accreting super-
massive black holes, and often are part of a merging galaxy group (Barnes & Hern
quist 1992). However, regardless of their various energy sources, the energy output
of most (U)LIRGs seems to be driven by nuclear starbursts (Genzel et all 1998;
Downes & Solomon 1998; Veilleux et al! 1999; Gao & Solomon 2004). (U)LIRGs
are also thought to represent the transitional phase in evolution from starburst disk
galaxies to elliptical/lenticular galaxies (Genzel et al] 2007; [Iacconi et al] 2002),
and thus must quench their star formation some time during this period. The tran-
sitional nature of (U)LIRGs, along with their AGN/starburst duality, make these
objects ideal for studies of the interplay of heating mechanisms within the ISM.

112 Structure of the ISM

'The ISM is made up of a number main phases, distinguished by different char-
acteristic temperatures, densities, and sizes. The different phases are distributed
around the ISM, and are caused by complex interactions between the ISM and
the surrounding physical environment. We can generalize the phases of the ISM
into six categories (Draind 2017).
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* The Coronal Gas (HIM) represents shock-heated gas at very high tempera-
tures (T> 10°5 K) and very low densities (~ 1073 ecm™3). It is often called
the hot ionized medium (HIM) and describes about 50% of the ISM in the
Milky Way. The HIM does not cool efficiently.

* The HII Gas (WIM) is composed mainly of H II and is only slightly cooler
(T~ 10* K) than the HIM. Interestingly, the ionized medium can span a
large range of densities from 10~! - 10* cm 3. The high density regions are
called H II Regions and are heated by energetic photons from massive (O
or B) stars. The lower density regions are referred to as the warm ionized
medium (WIM) and contain more mass than their high density counter-
parts, yet are much harder to observe due to their low luminosities. Com-

pared to the HIM, the WIM cools much more efficiently.

* The Warm H I (WNM) is made up of mostly atomic gas at temperatures
in the thousands of Kelvin and densities ranging from 0.1-1 cm 3. Unlike
the WIM, the WNM can be heated by many different processes, including
ultraviolet (UV') heating from stars, reprocessed radiation from dust, and
cosmic rays.

* The Coo/ H I (CNM) is made up of mostly atomic gas but only has temper-
atures of hundreds of Kelvin. It is also approximately an order of magnitude
more dense than the WINM, with densities in the tens of cubic centimeters.

* 'The Diffuse Hy is the first molecular phase, marked by densities high enough
for Hy self-shielding to come into play and allow molecular hydrogen to
become abundant. The temperatures are ~ 50 K and densities are > 100

-3
cm” .

« The Dense Hy represents self-gravitating molecular clouds of density 103-
10% cm™2 and temperatures of 10-50 K. It forms only a small fraction of
the ISM in the Milky Way, yet it is also the birthplace of stars, and it is what

this thesis will focus on.

Although most phases of the ISM fit into one of the above six categories, it is
important to note that in reality, the ISM has a fractal-like structure, and is best
thought of as a continuum of these phases (Falgarone & Phillipg 1990; Norman
& Ferrard 1996).
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1.2 Diognostics of heating mechonisms

We can study the affects of certain heating mechanisms by observing the emission
lines of gas in the ISM. Star formation and mechanical energy power various heat-
ing mechanisms, while atomic and molecular emission lines as well as the infrared
continuum emission from dust re-emit the heat back into the ISM, effectively
cooling the gas. By studying which cooling lines are bright, and the relative ra-
tios of these lines, we may attempt to identify which processes are heating the gas.
There, we focus mainly on molecular cooling lines for a few key reasons. First,
the molecular gas is the gas that will eventually form the stars. Second, most of
the molecules in the ISM emit in the submillimeter wavelength range, causing
the radiation to be unobscured by dust allowing us to probe the dark centers of
star-forming clouds. Finally, molecular line emission from the ISM is sensitive to
both excitation and chemistry. We can observe many different excitation levels of
the same molecule, indicative of the density, temperature, radiation strength, and
column density of the emitting species. We can also observe chemistry of the gas,
in terms of relative abundance of different molecules, which gives insight into the
heating mechanism directly.

121" Modeling Molecular Emission

In order to determine the physical properties of the ISM, we observe various emis-
sion lines, and then use models to determine which combination of physical pa-
rameters fit effectively the observed emission. When molecular lines were first de-
tected in galaxies, observations were limited to the ground state transitions of 12CO
and 13CO. In order to estimate the excitation of CO, people assumed that the ki-
netic and excitation temperatures were identical, the observed clouds were in local
thermal equilibrium (LTE). This assumption holds in high density regions and it
was used to predict the column densities and optical depths of the lines (e.g. [Dick]
man [1975)). It quickly became clear that 12CQ is almost always optically thick, and
that the LTE approximations do not hold. A new method of modeling lines was
developed, the so-called Large Velocity Gradient (LVG) model (Sobolev 1960;
de Jong et al] 1975; Goldreich & Scovilld 1976). This model was able to account
for the radiative transport even with optically thick molecules by solving for the
excitation and de-excitation rates for each state in a collapsing sphere. Concur-
rently, there was a lot of work being done on the chemical networks and the ways
in which different excitation sources affected the observed line ratios. Specifically
van Dishoeck & BlacK (1T988) and Shull & HollenbacH (1978) calculated how UV
photons and shocks, respectively, would aftect the molecular abundances of the
molecular gas.
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It was not until the Photodissociation Region (PDR) model ([Iielens & Hol-
lenbach T985) was created that the radiative transfer and chemistry were combined.
'The PDR models self-consistently models the chemical and radiative balance for
a 1-D cloud that is being illuminated by far-UV photons (6 eV< hv < 13.6
eV). Kaufman et al] (1999) published tables and diagrams of PDR models, where
observational astronomers could simply look up the density and radiation strength
necessary to create the observed line ratios. Most observations at the time were well
explained by this new method, as they dealt with Galactic star-forming regions,
or extragalactic environments similar to those. However, as more observations be-
came available, problems with the model became apparent. Specifically, in galaxy
centers, neutral atomic carbon [CI] is consistently stronger in observations than
the PDR models can produce (i.e. [srael & Baas 2002). In addition, the accessi-
bility to higher rotational transitions of 12CO and 3CO suggested that the PDR
was not enough to produce the observed emission and that the gas appeared to
have an additional heating source. Specifically, much of the circumnuclear gas had
kinetic temperatures too high to be explained by a PDR model.

Glassgold & Langer (1973) had already suggested that more energetic pho-
tons could also heat the molecular gas. Later, Maloney et all (I996) studied the
physical and chemical state of X-ray dissociation regions. Using these calculations,
a grid of models for both X-ray and cosmic-ray heating in addition to UV heat-
ing was developed (Meijerink & Spaans 2005; Meijerink et all 2006, 2007). The
additional heating from high energy radiation was then used to explain the phe-
nomenon not understood by the PDR models. For instance, the extremely bright
12CO and 13CO in NGC 253 was initially explained by cosmic rays (Bradford et al;
2003). Yet, the [CI] problem still remained. More recently, the bright emission of
NGC 253 has been attributed to mechanical heating; caused by shocks or turbu-
lence (Hailey-Dunsheath et al] 2008; Rosenberg et all 2014). In addition, [Coenen
et al] (2008) found that mechanical heating is especially important in starbursts
and (U)LIRGs. Very recently, mechanical heating has been incorporated into the
PDR models (Kazandjian et al] 2012), but in a naive and simple way. Further im-
provement in the modeling of mechanical heating is still needed. In the following
sections, each heating mechanism and accompanying model, will be discussed in
great detail.

122 UV Heating

Clouds surrounding star-forming regions referred to as Photodissociation Regions
(PDRs; Hollenbach & Tielens 1999) have a layered structure due to the absorption
of the radiation as the depth of the cloud increases, as seen in Figure [.7. At the
surface, the cloud is being irradiated by UV radiation (6-13 eV'), and the gas at the



1.2 Diagnostics of heating mechanisms 7

edge is composed mostly of ionized and atomic species (CT, O, and H). As column
density increases, temperature decreases, and the ionized gas becomes neutral, and
then molecular (i.e. CT/C/CO) transition zones. The deepest PDR layer is the
main focus of study in this thesis, since this is the region where the molecules are
emitting and star formation can occur.

With their PDR models (also used in this thesis), Meijerink & Spaang (2005)
calculate the observed relative intensities of various molecules (eg. CO, HCN,
HNC, HCO™), as a function of density, radiation strength, and column density
(depth into the cloud). By comparing the models to observations, they estimate
the physical properties.

Another strong diagnostic of UV heating are hydrogen (HI) emission lines.
The near-infrared HI emission lines suffer relatively little extinction, and are thus
particularly useful for tracing star formation. For example, the Bry and Pac transi-
tions lie in the K and ] bands, respectively, and trace the most massive young stars,
predominately the O stars. In order to excite the hydrogen emission lines, a star
must emit Lyman continuum photons (A < 912, 13.6 V'), Thus, bright hydrogen
lines suggest high mass star formation.

Similarly, a strong tracer of UV heating in PDRs are the broad mid-infrared (5-
15 pum) features attributed to polycyclic aromatic hydrocarbons (PAHs) (Draine &
Li 2007; [Iielend 20084). In PDRs, a PAH molecule becomes highly vibrationally
excited from absorbing a single UV photon (Mattioda et al] 2005; Draine & Li
2007). Since PAHs are only fluorescently excited, and easily destroyed by harder
radiation, they are ideal tracers of heating via PDRs. In addition, PAHs have a
lower excitation energy than HI (A ~ 4200 for N¢ > 50 where No > 50 is the
number of carbon atoms; Bakes & Tielens (1994)) and thus are excited not only by
O stars but also by slightly less massive, B-type stars. Therefore, the PAH emission
traces the more general fluorescently excited population, including excitation by
both O and B stars. Finally, large volumes of molecular hydrogen (H3) can also be
fluoresecnetly excited by UV photons (e.g.,Black & van Dishoeck 1987), although
it is not as straightforward of a tracer since it can also be excited by shocks (e.g.,
Shull & Hollenbach 1978).

123 X-ray and Cosmic Ray Heating

Since (U)LIRGs often have an AGN contribution and high star formation rates
that lead to high supernova rates, we must also consider gas heating by more ener-
getic radiation. Clouds of gas around accreting supermassive black holes can expe-
rience heating by X-rays (1-100 keV') and are then referred to as X-ray Dominated
Regions (XDRs; [Lepp & Dalgarng 1996; [Maloney et all 1996). Similarly, gas can
be heated by highly energetic cosmic-rays that are most often produced in super-
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Figure 1.2: Schematic view of a photodissociation region (PDR) as a function of cloud depth.
From Hollenbach & Tieleng (1999) and Tielens (2005).

novae, and are thus proportional to star formation rate. Unlike UV photons, both
X-rays and cosmic rays penetrate deep into clouds (Ny > 10?4 cm™2%; Meijerink
& Spaans 2005; Meijerink et al] 2007). Because of their ability to penetrate deeper
than UV photons, XDRs and PDRs with enhanced cosmic-ray ionization condi-
tions (CDRs) lack the layered structure of PDRs and instead show more gradual
transitions from ionized to atomic to molecular (Meijerink & Spaans 2005}; [Mei]
jerink et al] 2006)). The cross-section of an XDR is shown in Figure [[.3.

XDRs and CDRs both have a unique chemical signature. Meijerink et al!
(2006) show that the ratios of HCN/CO and HCN/HCO'™ in conjunction with
high-J CO lines provide the diagnostic capability to discriminate between the two
forms of heating. In addition, [Loenen et al! (2008) shows that the HNC/HCN
ratio can further discriminate between XDR and PDR heating. Multiwavelength
studies of the region can also help determine the feasibility of XDR or CDR heat-
ing. X-ray observations between 1-100 keV provide flux estimates, which can be
compared to modeling results to determine if the flux is sufficient. Similarly, the
cosmic ray ionization rate can be estimated from the star formation rate.

124 Mechanical Heating

Mechanical heating is a non-radiative heating process that is fueled by various
large-scale turbulent motions or shocks. Turbulence is caused by a variety of pro-
cesses such as massive galactic outflows, merger related shocks, strong stellar winds,
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Figure 1.3: Schematic view of a photodissociation region (PDR) as a function of cloud depth.
Adapted from Maloney et al] (1996).

Highly lonized Region

rapidly expanding HII regions, or supernova shells. One important result of this
thesis is that the chemical signatures observed in the ISM of starburst and (U)LIRGs,
cannot be fully explained by any radiative process (Rosenberg et al] 2014) and in-
stead require mechanical heating contribution. The observed temperature of the
molecular gas is much higher than expected for clouds heated by a radiative pro-
cess, so that the only way to effectively heat such large cloud volumes appears to
be through mechanical heating processes.

Comparison of PDRs, XDRs (Meijerink & Spaang 2005; Meijerink et all
2007), CDRs, and mechanically heated PDRs (Kazandjian et al] 2014) to obser-
vations of multiple rotational transitions of CO along with a dense gas tracer (i.e.
HCN or HNC), provide a strong diagnostic tool. In Chapters [J and [, we show
that combinations of the rotational transitions of 2CO (1 < Jupp < 13) with
multiple transitions of *CO, HCN, and HNC gives a good means to distinguish
between mechanical heating and radiative processes (Kosenberg et al! 2014).

'There are other strong diagnostic tracers of mechanical heating at other wave-
lengths. In particular, the SiO molecule is used to trace shocked material in molec-
ular outflows (Martin-Pintado et all 1992). In addition, in interstellar space, almost
all iron atoms are likewise locked in dust grains, which are destroyed by thermal
sputtering in shock fronts from supernovae. This releases the iron into the gas-
phase where it is singly ionized by the interstellar radiation field. In the extended
post-shock region, [Fell] is excited by electron collisions (Mouri et al] 2000), mak-
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ing it also a strong diagnostic shock tracer. Hy ro-vibrational transitions in the
near infrared also show diagnostic capability, although their interpretation is not
as straight forward as the [Fell], as emission from fluorescent and shocked gas
is sometimes hard to distinguish. In Chapter [} and [, we use the near infrared
diagnostics to determine the heating source of the star-forming gas.

1.5 In this Thesis

With the launch of the Herschel Space Observatory, the molecular universe has been
unveiled even more thoroughly than before. The quality and sheer amount of data
available is overwhelming and astronomers are just beginning to interpret the data.
The high signal-to-noise ratio of the Herschel SPIRE and PACS spectra has pro-
vided detections of complex molecules not observed before. On the ground, the
Atacama Large Millimeter Array (ALMA) has begun science operations. ALMA
will provide continued access to molecular observations at unprecedented spatial
resolution. Combining the wealth of molecular data with the complex chemical
and radiative emission models, astronomers have the opportunity to study the
physical properties regulating star formation. In this thesis we use a combination
of observations and models to understand the excitation mechanisms acting on the
star-forming gas in the extreme environments of galaxy centers.

131 NGC 253 - An archetypoal starburst (Chapter [, §)

One of the best nearby laboratories to study extreme star formation is NGC 253,
which harbors a starburst in the inner 0.5 kpc Grimm et al] (2003). Employing
SINFONI observations of the near infrared Hj transitions, we determine in Chap-
ter P} that heating by UV photons, instead of shocks, dominates the overall exci-
tation of hot Hy in NGC 253 (Rosenberg et all 2013). Then we identify isolated
regions of Hy bright knots and compare their emission to models of UV and shock
heating. We find that in some regions shock excitation can be important and place
an upper limit of the emission contributed by shock excited Hy at 30%. Using
PAH emission, we find that not only most Hy is fluorescently excited, but that it
is predominately excited by B-type instead of O-type stars.

In order to distinguish between radiative and shock feedback of cool molecular
gas and to achieve a deeper understanding of the star-forming gas in NGC 253, we
observe CO and other dense gas tracers using Hersche//SPIRE (Chapter [§). We
employ a novel and robust fitting routine that takes the observed 12CO, 13CO,

HCN, and HNC line emission and compares it to state-of-the-art physical and
chemical models. These models, along with observations of CO, HCN, and HNC
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fluxes, uniquely discern between UV, X-ray, cosmic ray, or mechanical heating as
well as the density and strength of the radiation field. We determine that mechani-
cal heating is necessary to explain the observed emission in NGC 253 and limit the
percentage of mechanically heated gas to ~20% by mass (Rosenberg et al! 2014).

132 Arp 299 - A cose study of gas exditation (Chapter f

'The merging galaxy group Arp 299 is an intriguing case to place boundaries on the
usefulness of CO. Arp 299 A (IC 694, NGC 3690) harbors an AGN (Pérez-Torres
et all 2010), Arp 299B is undergoing a starburst (Alonso-Herrero et all 2000),
and Arp 299 C is an extended region of star formation. Using Herschel/SPIRE
spectra, we extract the CO spectral line fluxes (CO ladders). Simply comparing
the general shape of the CO ladders and relative strength of certain emission lines
in the spectra of Arp 299 A, B and C, we find that the excitation of the CO in Arp
299 A is very different from that in Arp 299 B and C.

By including PACS observations of high-] CO transitions (up to J=24-23)
along with ground based observations of HNC and *CO, we find that once again,
mechanical heating is needed to produce the relative intensities of the observed
molecular emission, and that the AGN plays a minimal role in heating the gas
(Rosenberg et al. in press). We also caution against the use of only 12CO as a
tracer of the physical conditions of the molecular ISM.

133 Tracing shock excitation in star Forming golaxies (Chapter B

Supernovae are responsible for much of the chemical enrichment of the universe,
while simultaneously injecting mechanical energy into the ISM. The supernova
rate is usually measured through the non-thermal radio continuum luminosity;
however, a correlation between near-infrared [Fell] emission and supernova rem-
nants has also been suggested (Van der Werf et al] 1993; ?).

Using SINFONI NIR observations of a sample of 11 nearby star-forming
galaxies spanning a large range of Lir, we determine a quantitative relationship
between supernova rate and [Fell]; 26 luminosity (Rosenberg et al] 2012). This
relation is valid for normal star-forming galaxies but appears to break down for
extreme ultra-luminous galaxies.!

'A VLT proposal for a follow up study was accepted in order to explore the nature of the cor-
relation in (U)LIRGs, but SINFONTI's filter wheel broke and the observations were not obtained.
This proposal has been accepted again, and was observed the summer of 2014. Preliminary results
show a similar trend for this sample, but an additional follow up proposal will be pursued to improve
extinction correction.
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134 Gas cooling in (UJLIRGs (Chopter )

Finally, building on our detailed studies of diagnostic excitation tracers in extreme
star-forming environments, we perform an observational analysis on a statisti-
cally complete sample of (U)LIRGs from the Open Time Key Project Herschel
Comprehensive (U)LIRG Survey. This sample includes observations with Her-
schel/SPIRE and Herschel/PACS, covering all main gas cooling lines, namely
[CII] 157 um, [OI] 63 and 145pm, [CI] 370 and 609m, and CO rotational tran-
sitions (4 < Jypp < 13). As is in the individual cases of NGC 253 and Arp 299,
we find that CO becomes a more efficient coolant when UV heating is weak. This
indicates that the CO is more sensitive to alternative heating mechanisms. We
present a diagnostic diagram for determining which additional heating mechanism
is responsible for the highly excited molecular gas.



13

), The excitation of near-infrared
H, emission in NGC 254

Because of its large angular size and proximity to the Milky Way, NGC 253, an archetypal
starburst galaxy, provides an excellent laboratory to study the intricacies of this intense
episode of star formation. We aim to characterize the excitation mechanisms driving the
emission in NGC 253. Specifically we aim to distinguish between shock excitation and
UV excitation as the dominant driving mechanism, using Brvy, Hs and [Fell] as diagnostic
emission line tracers. Using SINFONI observations, we create linemaps of Br, [Fell] ¢4,
and all detected Hy transitions. By using symmetry arguments of the gas and stellar gas
velocity field, we find a kinematic center in agreement with previous determinations. The
ratio of the 2-1 S(1) to 1-0 S(1) Hy transitions can be used as a diagnostic to discriminate
between shock and fluorescent excitation. Using the 1-0 S(1)/2-1 S(1) line ratio as well as
several other Hy line ratios and the morphological comparison between Hy and Bry and
[Fell], we find that excitation from UV photons is the dominant excitation mechanisms
throughout NGC 253. We employ a diagnostic energy level diagram to quantitatively
differentiate between mechanisms. We compare the observed energy level diagrams to
PDR and shock models and find that in most regions and over the galaxy as a whole,
fluorescent excitation is the dominant mechanism exciting the Hy gas. We also place an
upper limit of the percentage of shock excited Hy at 29%. We find that UV radiation
is the dominant excitation mechanism for the Hy emission. The Hy emission does not
correlate well with Brvy but closely traces the PAH emission, showing that not only is Hy
fluorescently excited, but it is predominately excited by slightly lower mass stars than O
stars which excite Bry, such as B stars. I

M. J. F. Rosenberg, P. P. van der Werf, and F. P. Israel
A&A 550, A12 (2013)

! Authors contributed helpful discussion and comments on text and figures.
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2] Introduction

Understanding the excitation mechanisms and drivers in nearby starburst galaxies
is critical to understanding their role in galaxy evolution. One of the best labora-
tories to study this is NGC 253. 'This galaxy is a nearby (3.5 Mpc Rekola et all
(2005)), edge-on infrared bright galaxy that is part of the Sculptor group. It is
classified as a late-type barred spiral galaxy (SAB(s)c) with star formation con-
fined to the inner 0.5 kpc. The star formation rate of the starburst is 1.4-9.5 Mg,
yr—! (Grimm et al] 2003). This intense episode of star formation is driven by a
7 kpc bar, which funnels gas into the nucleus (Engelbracht et al] 1998). There is
a starburst driven superwind extending perpendicular to the disk (Demoulin &
Burbidge 1970; Ulrich 1978; Fabbiano & 'Irinchieri 1984; IMcCarthy et al] 1987
Westmoquette et al] 2011)).

'The inner region of star formation is highly obscured with an Ay of ~ 5 — 18
mag (Kornei & McCrady 2009; Fernandez-Ontiveros et all 2009). Many dense,
luminous, dust enshrouded young stellar clusters have been found in the nucleus
(Forbes et all 1993, 2000). In addition to the stellar clusters, Alonso-Herrerd
et al] (2003) and Ulvestad & Antonucci (1997) have observed many compact radio
sources in [Fell] and radio respectively, representing young supernova remnants.
[Turner & Ho (1985) observed over 60 compact radio sources, the brightest of
which is named TH2. A high resolution (1"-2") study of the molecular gas in
NGC 253 was performed by Sakamoto et al] (2011). They found 5 warm, dense
clumps of molecular gas, which are all coincident with radio sources. They suggest
that these clumps are natal molecular cloud complexes harboring massive star for-
mation. The K band continuum peak, which was originally defined as the nucleus
by Forbes et al] (1991), is the location of a super star cluster. This super star cluster
was observed with Hubble Space Telescope by Watson et all (1996) and is con-
sistent with a single stellar population. In the mid infrared, two bright peaks have
been observed in the central regions. The brightest of the two is coincident with the
K band continuum peak and super star cluster and has no radio counterpart (UL
vestad & Antonucci 1997). The second, 3.0" to the northeast is coincident to the
radio peak TH2. A more recent study by Ulvestad & Antonucci (1997) suggests
that TH2 is the true nucleus of NGC 253 and represents either a low-luminosity
AGN or a compact supernova remnant.

Although TH2 is generally considered to be the nucleus, a recent study by
Miller-Sanchez et all (2010) provides new estimates for the kinematic center based
on the kinematics of the stellar component. Using SINFONI on the VLI, they
were able to achieve very high angular resolution and derive the stellar velocity

field. They found the kinematic center to be offset from TH2 only by Ax=0".6
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and Ay=0".4 (i.e. by 12 pc) in the southwest direction. They propose an alternative
position for the kinematic center as the X-ray source X-1 (Weaver et al] 2002).
Although NGC 253 has been the target for many detailed kinematic studies, there
is still much uncertainty about the precise location of the true kinematic center.
'The subject of excitation mechanisms has been extensively studied in NGC
253. Martin et al] (2006)) finds that the chemistry and heating of NGC 253 is dom-
inated by large scale, low velocity shocks. Presence of shocked molecular material
is indeed evident through the presence of widespread SiO emission throughout the
nuclear regions (Garcfa-Burillo et al] 2000). Martin et al] (2009b) suggest that, al-
though NGC 253 is dominated by shock chemistry, PDRs play a crucial role in the
chemistry, since there are very high abundances of PDR tracing molecules, namely
HCO™, CO™. In addition, they find that although NGC 253 was thought to be at
an earlier stage of evolution than M 82, a prototypical starburst with strong PDR
characteristics, the molecular clouds are larger and have a higher column density,
pointing to a later stage of evolution, such as seen in M 82. [Martin et al] (20094)
also find that the UV heating in NGC 253 is more similar to M 82 than other star-
bursts, yet still not the dominant excitation mechanism. Harrison et all (I998) used
the ortho- to para- ratio of Hy, to argue that most of the Hj is excited by PDRs
instead of shocks. In addition, [[srael et al] (1989); [Luhman et al] (T994) show in
NGC 604 and Orion A respectively that although in small-beam apertures it may
seem as if high surface brightness Hy emission from shocks is dominant, when the
beam size increases, it is clear that fluorescent excitation dominates on large scales.
In this paper, we investigate the excitation mechanisms for the molecular gas
in the nuclear region of NGC 253. We use the following methods to differentiate
between shock dominated and PDR dominated excitation on a 2 pc scale:

* Calculate the 2-1 S(1)/1-0 (S1) line ratio at each pixel position
* Compare morphology of Brv, [Fell], and PAHs to that of the Hy

* Relate observed Hy excitation diagrams to those generated by shock and
PDR models.

In Section P.2, we will discuss the observations, while in Section .3 we present
the derived spectra and linemaps. In Section P.4 we will investigate and define the
kinematic center. Then, in Section .3, we investigate the nature of the dominant
excitation mechanisms throughout the galaxy, focusing on the dense clumps. In
Section .6, we compare our excitation diagrams to shock and PDR models span-
ning the parameter space. We summarize our conclusions and their implications

in Section P.7.
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2.2 Qbservations

221 SINFONI Observations

All observations were made with the Spectrograph for INtegral Field Observations
in the Near-Infrared (SINFONI) at the ESO VLI. SINFONI provides spatial
and spectral data in the form of data cubes in J, H, and K bands. The SINFONI
instrument is mounted at the Cassegrain focus of the Unit Telescope 4 at the Very
Large Telescope (VLT).

We observed in the H, and K bands using a spatial pixel scale of 0.25" corre-
sponding to a field of view of 8"x8" per frame and a spectral resolution of 2000,
3000 and 4000 respectively, which corresponds to a velocity resolution of 149.8,
99.9 and 74.9 km/s. All science observations were taken in the ABA' nodding
mode (300s of object, 300s of sky, 300s of object), where A’ is slightly offset from
A. The object exposures are aligned and averaged during the reconstruction of the
data cube.

'The observations of NGC 253 were made in visitor mode on August 28th,
2005. In order to capture the full extent of the Hy emission, consecutive frames
were taken in the K band moving further away from the center, along the disk
until Hy was no longer detected. This resulted in 6 separate pointings. Since there
are also Hp transitions in the H band, a similar strategy was used, resulting in 4
separate pointings.

We used the standard reduction techniques of the SINFONI pipeline on all
observations, including corrections for flat field, dark current, nonlinearity of pix-
els, distortion, and wavelength calibration. We obtained the flux calibration and
atmospheric corrections from observations of a standard star, namely HR 2058 in
the H band and HD 20001 in the K band. This is the same dataset [Muller-Sanchez
et all (2010) used to determine the kinematic center.

222 ISAAC Observations
We use the ISAAC observations of NGC253 in the 3.21 and 3.28 um filters de-

scribed by Tacconi-Garman et al. (2005). These observations were uncalibrated.
We established a flux calibration for these two images using the ISO-SWS spectra
by Sturm et al (2000), taking into account the filter profiles of the two ISAAC fil-
ters and the precise location and orientations of the ISO-SWS aperture. Inspection
of the spectrum by Sturm et al (2000) shows that the 3.21 pm filter contains only
continuum emission, while the 3.28 ym filter contains continuum+PAH emission.
'The peak of the PAH emission is at 3.3 pum, which is fully included in the 3.28
pm filter. The spectral slope is small enough that there is negligible change in con-



2.3 Results 17

tinuum level between 3.21 and 3.28 pm and therefore a PAH emission image was
created by subtracting the calibrated 3.21 yim image from the calibrated 3.28 1m
image.

2.5 Results

The SINFONI datacubes allow us to construct continuum maps, line maps and
velocity maps of emission lines detected in these bands. The K band continuum
map and Hy 1-0 S(1) emission line map are shown in Figure £ and the Bry and
[Fell]; 64 emission line maps are shown in Figure P.2. All line maps are centered
on the kinematic center proposed by [Muller-Sanchez et al] (2010). We have chosen
8 regions defined by the most dominant Hy peaks and these regions are overplot-
ted by white rectangles in each map. There is an additional region centered on
the kinematic center. All regions are 12x12 pixels or 1.5x1.5 arcseconds. These
regions were selected based on Hy flux. There is a relatively bright Hy emission
clump to the north west of Region 1, which was not selected for analysis since it
shows similar emission features to Region 1.

The K band continuum map reveals the inclined disk of the galaxy, tracing
the older stellar population. The disk appears irregular with clear clumps of high
luminosity. The kinematic center (Region 3) shows a very high level of continuum
emission. In addition, superimposed on the bright continuum emission around the
kinematic center, there is a bright flux peak at the location of the super star cluster
(Region 2) studied by Watson et al] (1996).

On the other hand, the Hy 1-0 S(1) map shows a completely different mor-
phology. The Hy extends along the entire disk with its brightest clump located
several arcseconds east of the kinematic center (Region 3). However, the Hj is
even more inhomogeneous than the K band continuum. There are clear Hy bright
clumps ranging out into the furthest regions. The white rectangles highlight the
brightest emission clumps. There is also significant Hy emission originating from
the super star cluster (Region 2), but not from the center.

Similarly, comparison of the Hy and the Bry map reveals little correlation.
'The Bry flux peak is coincident with the super star cluster, but shows no clear flux
increase near Region 4, where Hy is brightest, nor at the center. The Bry is also
generally less extended than the Hy, with most of the emission in the southwestern
portion of the galaxy, centered on the super star cluster.

'The [Fell]; g4 map also reveals emission peaking near, but not coincident with,
Region 4. In the northeastern regions, the [Fell] emission is also quite clumpy,
with some of the clumps coinciding with the Hy, such as Regions 5, 7 and 8.
Comparing the [Fell] to the Bry emission, we see in both cases, as well as in the
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Figure 2.1: K band continuum map and Hz 1-0 S(1) line map of NGC 253. The offset from the
kinematic center at position (c, d)2000 = (00"47™33°.14, —25°17'17".52) is given on each
axis. The contours represent 13 equally spaced levels with a maximum flux of 1.3x107!! erg
s tem~2pumtarcsec™2 and 5.4 x 10715 erg s~ 'ecm~2arcsec 2 for the K band continuum
and Hg respectively. The white rectangular regions are Ha flux peaks, with the exception of
Region 3, which is centered on the kinematic center. The blue '+’ represents the kinematic
center, the blue triangle represents X-1 and the blue diamond represents TH2.
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Figure 2.2: Bry and [Fell]1.64 emission line map of NGC 253. The offset from the kinematic
center at position (v, 8)2000 = (00"47™33°.14, —25°17'17".52) is given on each axis. The
contours represent 13 equally spaced levels with a maximum flux of 4.5x1071* and 2.8x10714
erg s~ 'cm™2arcsec™? for Bry and [Fell] respectively. The white rectangular regions are areas
of concentrated Hs flux, with the exception of Region 3, which is centered on the kinematic
center.
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K continuum, an elongated arm-like feature coming from the center, curving out
towards the northeast corner along the disk, bordering on the northern edge of
Region 5. However the [Fell] feature is spatially offset towards the south with
respect to the Bry feature, as noted originally by Forbes et all (1993). The Hs and
continuum emission in this region traces neither Bry or [Fell].

Figure 2.3 displays the rest-frame K band spectra, integrated over the regions
shown on the Hy map (Figure .J)). The main emission lines are highlighted.
Specifically, we see many Hy transitions as well as Bry and Hel. The highest energy
Hy transition detected is the 3-2 S(3) transition. This is located at 2.2008 ym and
only marginally visible in Region 8 of Figure .3, although we have 20 detections
of it in Regions 1, 2, and 3. 'This is an important detection since this transition can
only be excited by high energy photons, and therefore points towards fluorescent
excitation. In Table . we present the integrated fluxes and fluxes in each region
of all detected Hj lines with error bars. These error bars were derived by calculating
the flux for a range of different continuum baselines and finding the standard devi-
ation of these values. We also attempted to extract Hy line fluxes from transitions
in the H band, yet the stellar absorption features overpowered the emission lines
and we were unable to get reliable flux measurements.

Using the SINFONI data cubes, we can extract both a gas and stellar velocity
map. Figure £.4 displays the stellar velocity field with the Hy molecular gas velocity
field in contours. The stellar velocity field was calculated by fitting the three stellar
CO photospheric absorption features. Fitting with a set of 6 template stars (K3V,
MOIII, MOV, M4V, M5III and M5II), we used the Cappellari & Emsellem (2004)
Penalized Pixel Fitting (PPXF) package. All the template stars were observed with
SINFONI on the same settings as the NGC 253 observations. In addition, the
pixels were binned using a Voronoi tessellation (Cappellari & Copin 2003), with
a signal-to-noise of 50 per bin. These binned spectra were then fit with the best
combination of the 6 template stellar spectra varying velocity and dispersion. Then,
the systemic velocity of the galaxy, 243 km/s, was subtracted from the velocity field.

24 The Kinematic Center of NGC 253

'The stellar velocity field and the Hy velocity field show many general similarities,
especially in the central region. Specifically, both the stellar and gas velocity fields
show an 'S'-shaped morphology in the velocity contours in the 0 km/s range. This
morphology is typical of galaxies with a bar potential, and supports the claim of a
bar potential in NGC 253.

Since the Hy velocity field is much cleaner than the stellar velocity field and
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2.4 The Kinematic Center of NGC 253
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Figure 2.3: K band spectra of Hz bright clumps. The integrated K band spectra, in the rest
dominant emission lines. The strongest OH lines have been marked in the spectrum of Region
1 with the red dot-dash line. The 12CO absorption bands are also visible at 2.294, 2.323, and

frame, integrated over the regions shown in Figure

2.353 pm respectively. Region 2 is the K Continuum peak and hot spot, Region 3 is the

kinematic nucleus, and Region 4 is the Hy emission peak.
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Table 2.1: Integrated fluxes for selected regions and over the full map of all detected Hs
transitions. For the regions the units of flux are 107'° erg s™'cm™2. Only detections above
30 are reported with the exception of 1-0 Q(4), where we report all fluxes over 20. The
errors on the integrated fluxes represent 1 standard deviation. Each region is 12x12 pixels,
or 1.5x1.5 arcseconds.

1-0 S(0) 1-0 S(1) 1-0S(2) | 1-0S(3) | 2-15(1) 2-15(3) 3-25(3) | 1-0Q(1) | 1-0Q2) | 1-0Q(3) | 1-0(Q4)
Region 1 0.7£0.03 | 2.840.07 | 1.0+0.08 | 2.6+0.3 0.5+0.1 0.2£0.04 | 0.1£0.01 | 2.8+0.3 | 0.7+0.1 | 2.6+0.4 -
Region 2 2.840.1 10.240.3 | 49409 | 5.3+1.2 1.3+0.4 1.040.05 0.4+£0.1 | 10.7+1.2 | 53+1.1 | 11.2+£1.3 | 3.4£13
Region 3 2.6+0.2 8.3+0.2 4.3+0.9 | 4.0+1.1 1.4+0.1 0.9+0.04 0.4+0.1 | 9.3+1.0 | 45+1.2 | 10.2£1.3 | 2.6+0.9
Region 4 3.8+0.2 12.34+0.2 | 6.0+0.8 | 7.5+£0.9 | 2.0+0.09 0.9+0.05 0.3+£0.1 | 12.8+1.1 | 4.8+1.3 | 13.2+£1.3 | 3.2£1.0
Region 5 2.6+0.08 8.5+0.2 42403 | 6.740.5 | 1.3+0.04 - - 8.2+0.5 | 2.5+£0.7 | 8.0+0.7 | 1.7+0.7

Region 6 1.3+0.1 4.3+£0.08 | 2.2+0.1 | 3.1£0.5 | 0.6+0.01 - - 4.0£0.2 | 1.0+0.3 | 3.84+0.3

Region 7 1.7£0.07 | 5.1+0.1 2.540.1 | 3.3+£0.5 | 0.7+0.02 - - 4.8+0.4 - 4.6+£0.4

Region 8 0.5+0.03 | 1.6+0.03 | 0.9+0.07 | 0.840.3 | 0.240.01 - - 1.5+0.1 - 1.440.2 -
Region 9 || 0.3£0.009 | 0.840.009 | 0.4+0.02 | 0.540.1 | 0.07+0.003 | 0.03+0.003 - 0.840.08 | 0.440.05 | 0.7+0.06 | 0.340.1
Integrated | 100+50 380450 140+£30 | 250440 50+20 30+9 6+4 3704£20 | 140420 | 320440 | 120£40

they share a similar morphology, we will use the Hy velocity to estimate the kine-
matic center of NGC 253. In order to estimate this position, we create a mirrored
reflection around a set of central points that could be the center. By subtracting
this mirrored map from the original map, we can find which pixel provides the
most symmetric profile. Using this method, we can determine the center pixel, or
the pixel with the most symmetry. To determine the absolute coordinates of this
pixel, we employ the 2MASS K band image of NGC 253. We anchor the SIN-
FONI observations to the 2MASS observations by finding the position of the K-
band peak. We then use the offset of the kinematic center to the K band center to
determine the absolute coordinates, (v, §)2000=(00"47"33%.084,-25°17'18".42).
Mller-Sanchez et all (2010) find the kinematic center at (v, §)2000=(00"47733%.14,-
25°17'17".52) with a mean 30 error of r=1.2". Thus, our center is within this error
and in good agreement with their result. The difference between the two results
is due to the method. Muller-Sanchez used an inclined disk model to find their
kinematic center, however the symmetry argument focuses on finding the point
of highest symmetry. This method is compromised due to two symmetric circular
regions in the velocity field, the top circle is located within the red error circle and
the symmetric counterpart is just below it and appears green. Our method finds
the center to be just between these two circles, at the radius of the Muller-Sanchez
error radius, represented as a square. Due to this symmetric point, we consider the
Muller-Sanchez center to be the true kinematic center, which is also clear from the
inflection point of the bar profile 'S' shape seen in the H2 velocity field. Since the
H2 inflection point coincides perfectly with the Muller-Sanchez center, it proves
that there is no true offest between the H2 and CO measured centers. We therefore
independently confirm the kinematic center proposed by Miller-Sanchez et al!
(2010). In Figure 2.4, the Hy 1-0 S(1) velocity map is presented with the [Miller-
Sanchez et al] (2010) 3o center circled in red and their proposed kinematic center
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overlaid with a white plus sign. For completeness, the radio peak TH2 and the
x-ray peak X-1 are both overplotted as a diamond and triangle respectively.

2.5 Gas Excitation Mechanisms in NGC 253

In general, the morphologies of the K band continuum, Hy, Bry, and [FelI]; 64
emission are dissimilar. None of the peaks are coincident with each other with
the exception of the K band and Bry peaks at the super star cluster. There are
certain regions where the Hy matches the Bry, while some Hy clumps match the
[Fell]; 64 emission. This suggests that the Ho, Bry and [Fell] are being excited
through different physical processes.

'The Bry peak, tracing massive, young star formation, is coincident with the
K band continuum peak, at the location of the super star cluster. In general, the
K band continuum traces the older medium and low mass populations of stars in
contrast to the youngest, most massive stars powering the Bry emission. There
is extended emission in the northeastern direction of the Bry peak, but no other
strong emission regions.

[FelI] is another strong NIR diagnostic line, which traces shocks. In inter-
stellar space, iron atoms are typically fully locked into dust grains. Shock fronts
associated with supernova remnants (SNRs) may cause very efficient grain destruc-
tion through thermal sputtering (Jones et al] 1994). This releases the iron into the
gas-phase where it is singly ionized by the interstellar radiation field (Mouri et all
2000). In the extended post shock region, Fe™ is excited by electron collisions,
rendering it a strong diagnostic shock tracer. The [Fell] peak is located slightly
northeast of the Hy peak (Region 4). It shows diffuse emission consistently along
the disk, but does not show any peak at Region 2, the location of the super star
cluster. From Rosenberg et al] (2012) we can calculate the supernova rate (SNrate)
from the Fell luminosity. In Table P.2 the calculated SNrates for each region and
the whole galaxy is given. The small amount of [FelI] flux and correspondingly low
supernova rate suggests that the super star cluster in Region 2 is a young cluster.
Ferniandez-Ontiveros et al] (2009) suggests that Region 2 is a starburst of 6 Myrs,
which is also consistent with our age calculations. Our integrated supernova rate in
the inner 300 pc of the galaxy, is 0.2 yr—!, which is well matched to previous super-
nova rate measurement of 0.1-0.3 (Rieke et al] 1980, 1988; Ulvestad & Antonucci
1997).

Unlike Bry and [Fell], the mechanism which excites the Hy gas is not as clear.
'The NIR is rich with ro-vibrational Hy lines, which can either be excited thermally,
through shocks, or by fluorescence, through UV photons from O and B stars. In

the case of shock excited Hj emission, the gas is thermalized and the energy levels
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Figure 2.4: Stellar velocity field (left) with Hz 1-0 S(1) velocity contours and Hy 1-0 S(1)
velocity map with contours (right). The contour levels are -75 ,-50 ,-30 ,-10 ,0 ,10 ,30 ,50
.75 km/s. The color bar describes the Hz and stellar velocity in km/s. On the right panel,
the red circle represents the 30 uncertainty for the center defined by Miiller-Sénchez et al.
(R010). The plus sign is the center of this circle, and the kinematic center. The diamond is
TH2, the radio peak. The triangle is X-1, the X-ray peak. The square is the point of highest

symmetry.
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are populated in a ““bottom-up" manner. The resulting gas temperature is around
1000 K and thus there is little Hy emission from the v > 3 states, which have
temperatures above 15,000 K. However, in the case of excitation by UV photons,
the Hy molecule absorbs a highly energetic photon and is excited to an upper
electronic energy level and then proceeds to cascade downwards. This is considered
populating the energy levels from the **top-down", which results in exciting higher
Hj energy levels. In this way, we can use the ratio of certain Hj lines to discriminate
which excitation mechanism is exciting the Hs emission. However, the case of UV
excitation is sometimes degenerate. In the case of high density, the molecules can
collide frequently enough to become thermalized in the lower energy levels, which
results in line ratios equivalent to the case of shock excitation. For the lines to be
thermalized, the density in the region must be comparable to the critical density of
the lines, 1.7 x 10° cm ™2 for 1-0 S(1) and 1.2 x 10° em~2 for 2-1 S(1) (Sternberg
& Dalgarng 1989).

In order to determine which excitation mechanisms are dominating which re-
gions, we can use the information from the Bry and [Fell] tracers. Specifically,
if the Hy is undergoing excitation by UV photons in a dense environment, this
region should also be bright in Bry emission if the excitation is by O stars. Con-
versely, if the Hy is being excited by shocks, then the [Fell] emission might also
be bright in this region.

In Region 2, coincident with the Bry peak, UV photon excitation is the dom-
inant mechanism and the density of this region is accounting for the lower ex-
citation levels being populated leading to the lower Hy line ratio. In Region 6,
there is little Bry emission. However, the [Fell] emission shows a bright clump.
Therefore, in this region the emission lines suggest that the Hy is being excited by
shocks. However, in the other regions, there is both diffuse [Fell] and diffuse Brvy.
In this case, we cannot determine the dominant mechanism by only studying the
Brvy and [Fell] emission. Since Hy can also be excited by slow shocks, too slow to
destroy dust grains, or by B stars, which are not energetic enough to excite Bry,
we must use other diagnostics to probe the excitation mechanisms.

One diagnostic is the 2-1 S(1) to 1-0 S(1) transitions at 2.2478 ym and 2.1218
pm respectively. This line ratio is commonly used because both lines are relatively
bright and have similar wavelengths, so they can usually be taken in the same spec-
trum and suffer identical extinctions. Predictions for the ratio of these two lines
due to excitations by shocks range from 0.1 to 0.2 (Shull & Hollenbach 1978),
while for photo-excitation it is predicted to be 0.53-0.56 (Black & van Dishoeck
1987).
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Table 2.2: Calculated supernova rates for each region and the integrated galaxy based on
[Fell] luminosity. The integrated value is integrated over the full map. Supernova rates were
calculated with the relation between [Fell] luminosity and SNrate from Rosenberg et al.
(R012).

Region [Fell] Luminosity | SNrate
1037 erg s ! 1073 yr !
Region 1 0.3 0.04
Region 2 0.3 0.04
Region 3 9.8 1.6
Region 4 11.3 1.8
Region 5 17.1 2.8
Region 6 4.1 0.7
Region 7 0.3 0.04
Region 8 0.5 0.08
Region 9 0.4 0.06
Integrated 140.9 23.5

251 Shocks vs Fluorescence

In Figure P25, we present a map of the 2-1 S(1)/1-0 S(1) ratio with the contours
of the Br+y line map and the rectangular regions from Figure £.7] overlaid. The 2-1
S(1) line is significantly weaker than the 1-0 S(1) transition thus this image has
less signal-to-noise. We have therefore applied a mask to the map, filtering out
values lower than 10% of the maximum flux for both line transitions. The values
of the 2-1 5(1)/1-0 S(1) ratio range continuously from 0 to 0.5, showing that we
have both thermalized and fluorescently excited gas in the galaxy. Both the mean
Hy ratio for each region and the ratio of the integrated 2-1 S(1) and 1-0 S(1) line
fluxes is listed in Table P.3. The discrepancy in these two values is due to the fact
that in the left column, we find the mean value of the Hj ratio at each pixel for
each region, whereas in the right column we first integrate the flux in each region
for the two lines, and then divide the fluxes. The latter method is more sensitive to
high surface brightness quantities, and shocks excited material has higher surface
brightness than that of fluorescent excitation (Shull & Hollenbach 1978). There-
fore, the values in the right column are weighted towards shock excitation, and
thus show lower ratios for each region. Averaging the ratio on a pixel-by-pixel ba-
sis, as done in the left column, does not present such a bias. In regions with very
high ratios (> 0.3) we can confidently conclude that the molecular hydrogen is be-
ing excited by UV photons from O and B stars. Similarly, there are a few regions
where the ratio is distinctly lower than the average value of ~ 0.2. These regions
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Arc Seconds

Arc Seconds

Figure 2.5: The ratio of 2-1 S(1)/1-0 S(1) H2 lines with the Bry line map_over plotted
in contours. The white rectangles are the same regions as defined in Figure . The color
bar values represent the value of the ratio. The offset from the kinematic center at position
(@, 8)2000 = (00"47™33°.14, —25°17'17".52) is given on each axis. Ratio values where the
line flux of either transition is below 10% of the maximum flux of that line are masked.
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Table 2.3: Mean H; 2-1 S(1)/1-0 S(1) line ratios in each region of Figure @ (left column)
and the ratio of the 2-1 S(1) and 1-0 S(1) fluxes (right column). The integrated value is
integrated over the whole map.

. 2—-15(1)) >-2-15(1)
Region (1—05(0))) 1050

Region1 | 0.26+0.01 | 0.17+0.04
Region2 | 0.1440.02 | 0.1340.04
Region 3 | 0.17£0.03 | 0.17+£0.01
Region4 | 0.16+0.02 | 0.16+0.01
Region 5 | 0.17£0.02 | 0.15+0.01
Region 6 | 0.15+0.02 | 0.14+0.003
Region7 | 0.15+0.04 | 0.15+0.01
Region 8 | 0.2140.02 | 0.16+0.003
Region 9 0.23+0.01 | 0.0840.01
Integrated || 0.2740.06 | 0.13+0.06

are region 2, 6, and 7 from Figure .5. It is interesting to note that these bright
regions all correlate with an Hy clump or luminosity peak. In these regions we can-
not determine whether the low Hy line ratio is indicating excitation by shocks, or
a very dense clump being excited by UV photons. However, we can place an upper
limit on the amount of shocked gas. Assuming that all gas with a 2-1 S(1)/1-0
S(1) ratio lower than 0.2 is shock excited, we see that 48% of the total 1-0 S(1) H
flux may be from *“shocked" gas. However, this percentage is including all regions
with a ratio lower than 0.2, including regions of high density where the gas is flu-
orescently excited but thermalized. We can at least partially separate this effect by
filtering out the pixels with the highest Bry flux (> 1 x 10716 erg s71 cm™2), since
these regions are dense regions of known fluorescent excitation. As seen in the Bry
contours in Figure .3, this affects Regions 2, 3, and 4. Excluding these regions
and any pixel with high Bry flux, no more than 29% of all Hj is shock excited, and
the actual amount may be less.

252 Tracers of Fluorescence

If strong shocks dominate the excitation of Hy in NGC 253, we would expect to
see a good correlation between Hy and [Fell], which we do not. If fluorescence
is the dominant mechanism, we would expect the Bry morphology to share more
similarities with that of the Hy. We also see no correlation between Hs and Bry
emission. However, Bry only traces the most massive and young stars, predomi-
nately the O stars. In order to excite Brv, the star must emitting Lyman continuum
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photons (A < 912,13.6 V), yet Hy can be excited by lower energy photons as well
(A < 1100, 11.2 V).

Similarly to Hp, polycyclic aromatic hydrocarbons (PAHs) have a lower exci-
tation energy than HI (A ~ 4200 for N > 50 where N > 50 is the number of
carbon atoms; Bakes & Tielens (1994)) and thus are excited not only by O stars
but also by slightly less massive, B-type stars. Therefore, the PAH emission traces
the more general fluorescently excited population, including excitation by both O
and B stars. By comparing the morphology of the Hy to that of PAH emission,
we can determine if it is indeed the B stars that are predominately responsible for
exciting the Hy regions, and why neither the Brvy, [Fell] or K band continuum
matches its morphology.

In Figure 2.6, we present an ISAAC continuum subtracted PAH map at 3.21pm.
The left panel is overlaid with Ha 1-0 S(1) contours, the middle panel is overlaid
with Bry contours, and the right panel is overlaid with [FelI]; 4 contours. The
two maps were centred with respect to one another by matching the K band con-
tinuum peak of the SINFONI maps to the 3.21 continuum peak of the ISAAC

continuum maps.

From these images, the morphology of the PAH emission matches the Hy
emission, better than both the Bry and [Fell]. The Bry peak is coincident with
secondary PAH peak, meaning that in this region, there are many O stars produc-
ing photons £ > 13.6eV. However, there is little Bry emission coincident with
the primary PAH peak, showing that these regions are mainly excited by B stars.
The [Fell] peak shows little similarity to the PAH emission. However, the Hy
peaks are coincident with both the primary and secondary PAH peaks and shares
a generally similar morphology in the diffuse PAH emission. It is interesting to
note that the elongated feature seen in the K Continuum, [Fell] and Bry maps
in Figure P.2, is also present in the PAH map, but not in the Hs. Since we still
have a high amount of diffuse emission in this region, it is most likely that there
is Hy emission originating from this feature, but it is just relatively dimmer than
the nearby Hy peaks, which therefore overshadow it.

In order to test this correlation in a more quantitative sense, we can perform
a pixel-pixel analysis of the correlation of our line maps to that of the PAH 3.21
pm emission. After re-binning the ISAAC PAH map to match the pixel size of
SINFONI, we plot the flux of Hy, Bry and [Fell] as compared to the PAH flux.
Figure P.6 depicts these correlation plots, which show how well Hy, Bry and [FelI]
correlate with the PAH flux. The Bry vs PAH plot shows an interesting morphol-
ogy, in which the emission seems to be coming from two different areas. First,
there is an approximately linear correlation for lower Bry fluxes. This correlation
is most likely due to the diffuse Bry emission caused by the same photons excit-
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Figure 2.6: Top Panels: PAH 3.28 um continuum subtracted image from ISAAC. Left panel has Hz 1-0 S(1) contours, middle panel has Bry
contours, right panel has [Fell]; 64 contours. The offset from the kinematic center at position (c, §)2000 = (00"47™33°.14, —25°17'17".52)
is given on each axis. The kinematic center is from Miiller-Sanchez et al| (2010). Bottom Panels: Pixel-pixel plots of PAH flux vs Hy flux
(left), Bry flux (center), and [Fell] flux (right). The pixels of the ISAAC PAH observations were rebinned to match those of the SINFONI
observations.
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ing the PAHs. However, there is a second, non-linear, nearly vertical component
of extremely high Bry flux and medium strength PAH flux. These points corre-
spond to the location of the super star cluster, which is only the secondary flux
peak for PAH, but the dominating source of Bry flux. The [Fell] also seems to
correlate with PAH flux with a large, but constant spread, suggesting that these
tracers originate in the same general region but without a direct physical correla-
tion, emphasized by the displacement of the [Fell] peak and the PAH peak. The
Ho also shows a linear correlation with the PAH flux. However, this correlation
has a very large spread at low fluxes and gets continually tighter as both Hy and
PAH fluxes increase. We can see this same trend in the morphologies as well. There
is a strong correlation, both spatially and numerically for the peaks of the Hy and
PAH linemaps, however in the diffuse regions the correlation no longer holds.

'The strong, linear correlation between Hy and PAH morphology in the central
region of NGC 253 gives added confidence that most of the central emission in
NGC 253 (Regions 2, 3, and 4) is fluorescently excited. In addition, the correlation
between the PAH morphology and Hy morphology indicates that the H in this
area, is being excited by the same stars that are exciting the PAHs, mainly B-type
stars.

2.6 PDR and Shock Models

Although the morphological correlation of Hs to fluorescently excited PAHs is a
strong indicator that this is the dominant mechanism in NGC 253, we can also
compare the Hy line ratios in each region to the predicted values from both shock
and PDR models for a more quantitative analysis. In Figure P.5, the ratio is lower
than predicted for pure UV excitation, although the correlation to the PAH maps
indicates that UV fluorescence is the dominant mechanism. In order to study this
further, we present a diagnostic excitation level diagram. This diagram can be seen
in Figure 2.8 and plots the upper energy level (E/k) against the column density
distribution(V) divided by degeneracy (g) where:

Nobs(v, J) _ 4T\ Iobs(v, U/, J, J/)

g ~ he A(v,0',J,J) @1

Here, Nops(v, J) is the observed column density of a specific upper electronic
energy level (v,]), gs is the degeneracy of this level, A(v,v',],J') is the Einstein-
A radiative transition probability from Wolniewicz et al] (1998), and I, is the
observed line flux for each transition. The column density is normalized by the 1-0
S(1) column density divided by its degeneracy (gs). In addition, we can plot the
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best fit Maxwell-Boltzmann distribution to the v = 1 transitions. The slope of this
line tells us the excitation temperature in the region.

In order to directly compare the observed line ratios in NGC 253 to model
predictions, we can use predicted line intensities for shock and PDR models and
plot them on this diagnostic energy level diagram. Figure 2.7 presents the results
from the Shull & Hollenbach (1978) shock models. These models calculate line in-
tensities for shocks moving at 6, 10, and 14 km/s for densities of 103, 104, 3 - 10°
cm~3. In most of the shock models of Figure .7, the v > 1 lines (depicted as
triangles) lie on or below the thermal distribution indicating subthermal excita-
tion of the higher levels. The exceptions to this case are the higher velocity (10-14
km/s) shocks in very dense environments (ng=10°). However, the v > 1 lines
have a shallower slope than the thermal distribution as shown by the dotted red
line, indicating a higher excitation temperature for these transitions. In these high
velocity, high density shocks, there are two different gas components ( temperature

slopes).

'The bottom 6 panels of Figure .7 displays the predicted line intensities from
Sternberg & Dalgarnd (1989), who model fluorescent excitation of Hy in envi-
ronments with ng = 103 — 10% and y = 10? and Black & van DishoecK (1987)
who model pure fluorescent excitation for a large range of the parameter space. We
have chosen models 4, 6, 9, 17,19, and 20 spanning densities of nyy = 102 — 10*
cm 3 and radiation intensities of y = 10° — 10%. In contrast to the shock models,
the PDR models show the v > 1 lines lying high above the thermal distribution
in almost all cases, since UV fluorescence populates levels from the top down, the
highest energy levels get populated with higher probability compared to the ther-
malized case. In addition, the lines belonging to the v = 2 level share the same
excitation temperature (same slope) as the v = 1 lines, only offset due to their
higher upper energy level, unlike the shock models where there are two distinct
excitation temperatures. This is the same for each v level, as shown in Black &
van DishoecK (1987). A general feature of the UV-excited models is that the rota-
tional temperatures (i.e., the excitation temperature determined between different
rotational levels within the same vibrational level) are the same in the various vibra-
tional levels. In contrast, the vibrational temperature (i.e., the excitation tempera-
ture determined between different vibrational levels) is higher than the rotational
temperature. The only exception to this pattern is the top-right panel of Fig. 9,
showing a model with low radiation field but very high density. However, this
density is only relevant for very dense clumps and the the bulk of the molecular
gas in NGC253 is at much lower densities.

Now that we have presented the shock and PDR models, we can compare
them to the observational results seen in Figure P.8. In these plots, only the (> 20)
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Figure 2.7: Excitation diagrams of shock and PDR model-predicted H2 line column density
distributions as a function of upper energy level. The column density is normalized to the 1-0
S(1) Hz transition. Diamonds represent lines from v = 1 while the asterisks represent points
from v > 1. The solid line is a best fit of the Boltzmann distribution to the v = 1 points,
the slope represents the excitation temperature, T.,. Predictions of shock models from Shull
& Hollenbach (11978) with shock speeds 6 km/s (top row) and 14 km/s (second row) and
densities n;r=10% cm~* (left), 10* cm~*(middle), and 10° cm™? (right). Predictions of PDR
models from Black & van Dishoeck ([1987) with l,,=10°-10* and densities ng=10% cm™3,
10* em™?, and 10° cm ™, and are labeled with B&vD.
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Hy line detections are included. Each panel of the figure represents the different
regions shown in Figure P.J|. In each region, Figure [.§ reveals the thermalized
v = 1 lines of varying excitation temperatures. In addition, in all regions where
v > 1 lines are detected, they lie above the thermal distribution. However, the
case becomes ambiguous in regions where we cannot detect v > 1 lines, such as
Regions 8 and 9. It is possible that in these regions shocks dominate and therefore
the higher transitions are not being populated, or that in these regions, we lack the
signal to noise to detect the lines above 20.

In both Region 1 and Region 3, the kinematic center, we detect two v = 2
lines and one v = 3 line. Although we only have two v = 2 lines, it is clear that
they have a similar excitation temperature (slope) to the thermal distribution and
do not represent a second hotter gas component. Thus, these lines clearly follow a
PDR distribution. In addition, the v > 2 lines cannot be excited through shocks,
so the presence of the 3-2 S(3) line also suggests fluorescent excitation. Using these
criteria and the shock/PDR models as a guide, we can conclude that there is flu-
orescent excitation in Regions 1, 3, and 4 and most likely in Regions 2, 5 and
6. Since the signal-to-noise is too low in Regions 7 and 8, we cannot determine
whether shock excitation or fluorescent excitation is the dominant heating mech-
anism in these regions. However, based on the integrated spectrum and Regions
1, 2, 3, and 4, it is clear that UV excitation in PDRs is the dominant mechanism
for this galaxy, although shocks may dominate in some isolated areas.

2./ Conclusion

From SINFONI observations, we determine the nature of the excitation of hot Hy
gas in NGC 253 using diagnostic emission lines. Specifically, we use the K band
continuum as a tracer of the older stellar population, Bry as a tracer of high-mass,
young (O-type) star formation, [Fell] as a tracer of shocks, and PAHs as a tracer of
slightly lower mass (B-type) star formation. Based on the Bry and [FelI] emission
line maps, we can interpret the Hy excitation. We find that in most regions of
NGC 253, excitation by UV photons in PDRs is the dominant mechanism. There
are 3 regions where shock excitation may dominate, but these are small relatively
isolated regions. Throughout the entire nuclear region of the galaxy, Ho is being
fluorescently excited.

We also present a diagnostic energy level diagram which robustly differenti-
ates between shock and fluorescent excitation. By comparing the observed column
densities of each line to the proposed PDR and shock models, it is clear that the
NGC 253 Hj is dominated by fluorescent excitation. A few of the bright H re-

gions may lack the signal-to-noise to resolve the higher energy transitions, or it is
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Figure 2.8: Excitation diagrams of observed Hs line column density distribution as a function
of upper energy level. The column density is normalized to the 1-0 S(1) Ha transition. Dia-
monds represent lines from v = 1 while the asterisks represent points from v > 1. The solid
line is a best fit of the Boltzmann distribution to the v = 1 points, the slope represents the
excitation temperature, T.,. Each panel represents a different region, corresponding to the
regions in Figure R.5. The error bars represent a standard deviation from the column density.
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possible that in these isolated regions, shocks are the dominant mechanism. In ad-
dition, the PAH emission follows the same morphology as the Ha, adding further
confidence that through NGC 253, the gas is undergoing fluoresce.

We determine that a maximum of 29% of the hot molecular gas is excited
by shocks. Since we are only sensitive to the hottest Hy gas, we are probing the
surfaces of molecular clouds. Within the molecular clouds, where the bulk of the
molecular gas is, the gas can have a different excitation mechanism.
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3 Rodiative and mechanical Feed-
back into the molecular gas of
NGC 258

Starburst galaxies are undergoing intense periods of star formation. Understanding the
heating and cooling mechanisms in these galaxies can give us insight to the driving mech-
anisms that fuel the starburst. Molecular emission lines play a crucial role in the cooling
of the excited gas. With SPIRE on the Herschel Space Observatory we have observed the
rich molecular spectrum towards the central region of NGC 253. CO transitions from
J=4-3 to 13-12 are observed and together with low-J line fluxes from ground based ob-
servations, these lines trace the excitation of CO. By studying the CO excitation ladder
and comparing the intensities to models, we investigate whether the gas is excited by UV
radiation, X-rays, cosmic rays, or turbulent heating. Comparing the 12CO and 3CO ob-
servations to large velocity gradient models and PDR models we find three main ISM
phases. We estimate the density, temperature,and masses of these ISM phases. By adding
13CO, HCN, and HNC line intensities, we are able to constrain these degeneracies and
determine the heating sources. The first ISM phase responsible for the low-] CO lines is
excited by PDRs, but the second and third phases, responsible for the mid to high-J] CO
transitions, require an additional heating source. We find three possible combinations of
models that can reproduce our observed molecular emission. Although we cannot deter-
mine which of these are preferable, we can conclude that mechanical heating is necessary
to reproduce the observed molecular emission and cosmic ray heating is a negligible heat-
ing source. We then estimate the mass of each ISM phase; 6x 107 M, for phase 1 (low-]
CO lines), 3x 107 Mg, for phase 2 (mid-J CO lines), and 9x10% M, for phase 3 (high-]
CO lines) for a total system mass of 1x10% M. I
M. ]J. F. Rosenberg, M. V. Kazandjian, P. P. van der Werf ez. a/
A3A4 564, A126 (2014)

Contributions from coauthors mainly consisted of comments and suggestions to the text. M. V.
Kazandjian and R. Meijerink provided their PDR and XDR models and A. Weifd provided beam
size corrections for the spectra.
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31 Introduction

Starburst galaxies are nearby laboratories that allow us to study intense star for-
mation. Studying the heating and cooling mechanisms in these galaxies gives us
insight in to which excitation or feedback mechanisms are dominant in fueling
starbursts. Molecular emission lines play a crucial role in the cooling of excited gas,
and with the Herschel Space Observatory we are able to observe the rich molecular

spectrum of the nucleus of NGC 253.

CO is one of the most abundant molecules after Hy, and a good and easily
observable tracer of the condition of the molecular gas in the interstellar medium
(ISM) of these galaxies. CO in the ISM is mostly located in molecular clouds and
photon dominated regions (PDRs), where the radiation can penetrate the cloud
and excite the gas. [[ielens & Hollenbach (1985) created models of PDRs, which
predict the intensities of atoms and molecules in the PDR as a function of den-
sity, radiation environment, and column density. These have been expanded to
include models for X-ray dominated regions (XDRs)(Meijerink & Spaans 2003
Maloney et all 1996), PDRs with enhanced cosmic ray ionization rates ([Meijerink
et al] 2006), and PDRs with additional mechanical heating taken into account
(Kazandjian et. al, in press).

NGC 253 is a nearby, D7,=2.5 Mpc (Davidge & Pritchet (1990), 12 pc/"),
edge-on barred spiral galaxy (Scoville et al] 1985). The central kiloparsec of NGC
253 is considered an archetypal starburst nucleus (Lyp ~ 2 x 10'° L), which
is heavily obscured at optical wavelengths by dust lanes (Prada et al! 1996)). How-
ever, in the far-infrared and submillimeter wavelength regimes, NGC 253 exhibits
extremely bright molecular line transitions (Henkel et all 1997)), originating from
large molecular clouds in the nuclear region (Israel et all 1995; [Mauersberger et all
1996; Houghton et al] 1997; Bradford et al! 2003; Martin et al] 2009b). This gas
also appears to be highly excited. Observations of HCO™' and HCN suggest that
at least some of the gas has densities greater than 10* cm ™~ and temperatures over
100 K (Paglione et all 1995, 1997).

There have been many studies that have attempted to derive the excitation
mechanism in NGC 253. The warm, excited molecular gas phase, often associ-
ated with PDRs, excites the mid- to high-] CO transitions (J > 4). The near
infrared Hy emission lines shows that PDRs are an important excitation mecha-
nism (Rosenberg et al] 2013). However hot Hy gas only traces the very edges of
molecular clouds. In order to study the excitation of the bulk of the molecular gas,
we may use CO as a probe. Bradford et al] (2003) have observed 12CO up to J=6-5
along with CO up to J=3-2 and derive a kinetic temperature of 120 K and an
H, density of 4.5x10* cm™3 for the warm phase. However, they suggest that the
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CO is excited by cosmic rays, and not only by PDRs. Martin et al] (2006) found
that the chemistry and heating of NGC 253 is dominated by large scale, low ve-
locity shocks. Presence of shocked molecular material is indeed evident through
the presence of widespread SiO emission throughout the nuclear region (Garcia]
Burillo et all 2000). In addition, Hailey-Dunsheath et all (2008) detected the first
extragalactic 13CO J=6-5 transition, and using this determined that shocks are the
dominant excitation mechanism in the nuclear region of NGC 253. Martin et al.
(2009b) suggest that, although NGC 253 is dominated by shock chemistry, PDRs
also play a crucial role in the chemistry, since there are very high abundances of
PDR tracing molecules, namely HCO™, CO™.

In order to better constrain the dominant excitation mechanism in NGC 253,
we present the full 2CO ladder up to J=13-12, the ¥*CO up to J=6-5 as ob-
served with the Herschel Space Observatory. We combine this with observations
of HNC, and HCN transitions and apply these observations to models of PDRs,
XDRs, enhanced cosmic ray PDRs, and enhanced mechanical heating PDRs in
order to model the excitation directly. These observations were taken as part of the
Guaranteed Key Program Herschel EXtra GALactic (HEXGAL, PI: R. Gisten).
In Section 3.2, we will describe the observations and data reduction techniques. In
Section .3, we will present our spectra and line fluxes. Using models of CO emis-
sion, in Section 8.4 we will constrain the parameters of the molecular gas phases
and introduce a methodology to understand the degeneracies of the models. In
order to constrain the densest phase of the ISM, we use the HCO™ and HCN in
Section B.5 to determine the excitation mechanism. In Section .6 we analyze the
implication of our results and in Section .7 we summarize our main conclusion.

3.2 Observations and Data Reduction

Observations of NGC 253 were taken on December 5th, 2010 with the Herschel
Spectral and Photometric Imaging Receiver (SPIRE) in staring mode centered on
the nucleus of NGC 253 (Obs ID: 1342210847). SPIRE is an imaging Fourier
Transform Spectrometer (F'TS) (Grifhin et al] 20104d). The high spectral resolution
mode was used with a resolution of 1.2 GHz over both observing bands. The low
frequency band covers v=447-989 GHz (A=671-303 pum) and the high frequency
band covers v-958-1545 GHz (A\=313-194 um). A reference measurement was
used to subtract the emission from the telescope and instrument.

'The data were reduced using version 9.0 of the Herschel Interactive Processing
Environment (HIPE). Since NGC 253 is an extended source, a beam correction
factor is necessary to compensate for the wavelength dependent beam size. Using

an archival SCUBA 450 pm map of NGC 253, we convolve the map with a 2-
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Figure 3.1: Three SPIRE beam
sizes are shown overplotted on a
SCUBA 450 pum archival image,
40.5" (blue), 17.5" (green), and
32.5" (red). The SPIRE beam size
changes as a function of wave-
length, thus the blue circle repre-
sents the largest beam size and the
green represents the smallest beam
size. The red beam size (32.5")
represents the beam size of CO J=
5-4 transition and all other lines are
convolved to this beam size.

D Gaussian with FWHM the same size as our beam sizes. The archival 450 ym
SCUBA map of NGC 253 is shown in Figuref.1] with the largest, smallest, and
normalized beam sizes are shown in blue, green, and red respectively. All beam
sizes include the brightest part of the nucleus.

'The ratio of the flux within each convolved map and the flux within the beam
size of the CO J=5-4 transition (beam size=32.5") is the beam correction factor
(kg) where:

Fobs

ks

Fcorr = (31)

'Thus, all fluxes are normalized to a beam size of 32.5" (i.e. 394 pc). In addition, we
use the ground based 2CO, 13CO, HCN, HNC fluxes from [[srael et all (1995)
and Israel (private communication), all normalized to a beam size of 32.5". We
add the 27" aperture integrated ground based observations of HCO™ 1-0 and 4-3
transitions from Knudsen et all (2007)), also normalized to a beam size of 32.5".
Fluxes were first extracted using F'TFitter, a program specifically created to extract
line fluxes from SPIRE FTS spectra. This is an IDL based GUI, which allows the
user to fit lines, choose line profiles, fix any line parameter, and extract the flux.
We define a polynomial baseline to fit the continuum and derive the flux from the
baseline subtracted spectrum. In order to more accurately determine the amplitude
of the line, we fix the FWHM for transitions higher than J=8-7 to the expected
line width of 12CO at each source, using the velocity widths measured by [srael
et all (1999).
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In the case of very narrow linewidths (~ 780 km/s at 650 pm), more narrow
than the instrumental resolution (FWHDM,,,4,=1000 km/s at 650 um), we do not
fix the FWHM but fit the lines as an unresolved profile, which is the case for CO
J=4-3 through J=8-7. We use an error of 30% for our fluxes, which encompasses our
dominant source of error, specifically the uncertainty of the beam size correction
using the 450 ym SCUBA map (15%) and line flux extraction (10%). We also have

some uncertainty in the SPIRE calibration error of ~5% for extended sources.

3.3 Results

The spectra of NGC 253 are presented in Figure B.2. The 2CO transitions are
visible from J=4-3 to J=13-12 and labeled in red and the two 3CO transitions
detected are marked in light blue. There is also a strong detection of [NII] at 1461
GHz and [CI] at 492 GHz and 809 GHz in the rest frame, shown in green. We
detect 5 strong water emission lines and H2O 111 — Ogg in absorption, marked in
blue. We also detect HCO™ 7-6, also marked in blue. In addition, we also find
CHT, CH, OH™", H,O™", and HF, but do not point them out since they will not
be used in our analysis. As seen in Figure B.2, there is a discontinuity between
the high and low frequency bands of the spectrograph, marked with a dotted line.
This discontinuity is due to the fact that for the high frequency band, the beam size
is much smaller than for the low frequency band. A beam correction factor (kg)
for each wavelength is calculated using the method described in Section .2, and
displayed in Table B.1]. Also, the baseline ripple seen in the spectrum, specifically
in the inset of Figure B.2, is due to the sinc profile of the strong CO transitions
and does not represent noise.

34  Dissecting the CO Excitation Ladder

In order to analyze the excitation conditions in NGC 253, we can create a 'CO
ladder' or spectral line energy distribution, which plots the flux of each CO tran-
sition as a function of the upper ] number. Since we have multiple transitions of
both 12CO and '3CO, we can use both in our analysis. Since we take a beam
size of 32.5" (~ 400 parsec diameter), we get emission from multiple phases of
the ISM in one spectrum and cannot spatially separate the distinct ISM environ-
ments. Thus, when analyzing the properties of each ISM phase, it is important to
realize that these properties are average representative values of the dominant ISM
environments that are responsible for the particular emission.
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3.4 Dissecting the CO Excitation Ladder

Line KS, Line Flux
32.5" | [10716 W m2]

12CO 1-0¢ -- 0.3
2CcO2-1¢ -- 2.4
12CO 3-2¢ -- 7.3
12C0O 4-3 1.13 12.8
12CO 5-4 1.00 17.1
12CO 6-5 0.94 17.2
12CO 7-6 1.04 18.2
12C0O 8-7 1.07 17.9
12C0O 9-8 0.67 12.2
12C0O 10-9 0.64 9.3
12C0O 11-10 0.62 7.7
12C0O 12-11 0.60 5.5
12C0O 13-12 0.60 3.9
13CO 1-0° -- 0.02
13CO 2-1¢ - 0.2
13CO 3-2¢ -- 0.8
13CO 5-4 1.00 0.9
1BCO 6-5 0.96 0.7
[CIPP, 3 Py || 1.09 4.5
[CIPP, 3 Py 1.04 11.4
INI]2P, =3 Py || 0.60 29.6
HCO™* 1-0° 0.88 0.006
HCO™ 4-3° 0.88 0.2
HCO* 7-6 1.00 0.5
HCN 1-0¢ 0.72 0.009
HCN 3-2¢ 0.62 0.2
HCN 4-3¢ 0.47 0.1
HNC 1-0° 0.72 0.008
HNC 3-2¢ 0.62 0.09
H>0 211-202 473 1.4
HQO 422—331 179 05
H>0 2p2-111 9.13 2.7
H50 312-303 6.24 1.9
H>0 312-291 2.68 0.8
H50 391-312 9.65 2.9
H50 495-415 1.08 0.3
HQO 220—211 7.43 2.2

43

Table 3.1: Observed (uncorrected) line fluxes and beam size correction factors (xs) normal-
ized to 32.5". The errors on all derived fluxes are 30%.

@ From [srael et al! (1995).

® From Knudsen et al| (2007).

¢ From lIsrael (private communication).
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341 LVG Analysis

To better understand the ISM excitation in the center of NGC 253, we start by
modeling the ground-based fluxes, i.e. the first four 2CO and first three 3CO
line intensities and ratios with the RADEX large velocity gradient (LVG) radiative
transfer models (van der Tak et al] 2007). These codes provide model line intensities
as a function of three input parameters per molecular gas phase: molecular gas
kinetic temperature 7}, density n(Hs), and the CO velocity gradient N (CO)/dV.
By comparing model to observed line ratios, we identify the physical parameters
best describing the actual conditions.

In the modeling, we assume a constant CO isotopic abundance 2CO/ 1BCO
= 40 throughout. This is close to values generally found in starburst galaxy cen-
ters (Henkel et all 1991). We identify acceptable fits by exploring a large grid of
model parameter combinations (7} = 10 - 150 K, n(g,) = 10% - 10° em ™2, and
N(CO)/dV =6 x 10 -3 x 10'® em™2 / km s~!) for (combined) line ratios
matching those observed. No single-phase gas provides a good fit to the observed
line intensities. Consequently, we have also modeled the 2CO and 3CO lines
simultaneously with rwo molecular gas phases, the relative contribution of the two
phases being a free parameter. Lacking a detailed physical model for the distri-
bution of clouds and their sources of excitation, two phases is the most we can
fruitfully explore for J<5, especially because only the high signal-to-noise lower J
I3CO transitions have observations that allow us to break the inherent T}, — n(Hs)
degeneracy. This degeneracy derives from the fact that the intensity ratios of op-
tically thick 12CO lines exhibit very little change going from hot, low-density gas
to cool, high-density gas (¢f Jansen 1995, Ph.D. Thesis Leiden University, Ch. 2).

No unique solution is obtained. However, in all combinations the parameters
of the first molecular gas phase are well-established and narrowly constrained to a
low kinetic temperature of about 60 K (£10), and a density of about log(nfr) = 3.5
(£0.5). The second phase has in all combinations a reasonably well-determined
higher density of typically log (nf) = 5.0, but the kinetic temperature is not at all
constrained by the lower J transitions included, nor is the proportion of molecular
gas in either phase.

We now use this result, especially the firmly established parameters of the cold-
est and least dense gas from phase 1, to optimize a three-phase LVG model that
includes the higher transitions as well:

Model = QrLVGr + Qi LVGr + Qi LVGrrr (3.2)

where LV G, LV Gy, and LV Gy are three LVG models of specific density,
temperature, and column density in units of W m~2.Qz, Qr, and Qg7 represent
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the respective filling factors of each ISM phase. Filling factors traditionally repre-
sent how much of the beam is filled, so they only range from 0 to 1. However, in
the case of our filling factors, we model one cloud with a §v = 1 km s~! and allow
for multiple clouds in our line of sight, such that €2 is not only a beam filling factor,
but also a volume filling factor, which accounts for it being greater than one. In
the case of 2 < 1, only a fraction of the beam is filled by clouds, whereas 2 > 1
represents the number of clouds in our beam volume, each with a slightly different
velocity. We also attempted the same procedure for cloud models with v = 5 and
10 km s~! without any significant difference. We create a composite model for
both 12CO and *CO where each model ISM phase and filling factor is the same
for 12CO and 3CO. Since we already have an idea of the first LVG phase (LVG
I), we only vary the second and third LVG phases and all three filling factors.

We perform a modified Pearson's x? minimized fit for *?CO and ¥CO si-
multaneously, where the modified Pearson's x? is:

Ngata ( 0bs;—model; \2
2 _ i (e ) (3.3)

Ndata

with obs; as the observed flux of a particular transition, model; is the composite
model flux (Eq. B.2) of a particular transition, and Ny, is the total number of
transitions. Thus the x? represents a x? per transition for each molecule. We cal-
culate the x? value as the sum of the x? for 2CO and '3CO for every possible
combination of models in our grid. In doing this, we are able to plot the full pa-
rameter space for each phase, and show the x? value in gray scale for each com-
bination of density and temperature to see where the degeneracies lie. Figure
shows these degeneracy plots for the second and third LVG phases (LVG 1II and
LVG III).

Although there is a best fit model, denoted by the black asterisk in Figure B.3,
there are many models for each phase that have similarly low x? values, especially
tor LVG II. In both LVG phases we see the general diagonal trend displaying
the temperature-density degeneracy, trading temperature for density. For LVG 11,
there is a large range of models that fit well, however the best fits tend to cluster at
the low temperature, high density range (lower right corner). On the other hand,
LVG III fills a much smaller part of parameter space. The diagonal degeneracy
still exists, but this phase requires both high temperature and high density to be fit
well. It is also important to note that LVG II and LVG III occupy completely in-
dependent diagonal regions of parameter space, and since the diagonal trend trades
temperature for density, we can think of these separate regions as unique pressure
phases. In Figure B.3, we only compare the degeneracies of temperature and den-
sity, yet we also analyze the degeneracies of N(CO)/dv and find that within a
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LVG 1l LVG Il

100 1 1.60e-15 1.60e~15
210

1.40e-15 1.40e-15

150 1.20e-15 1.20e-15
110
1.00e-15 1.00e-15
80

T [K]
T [K]

50 8.00e-16 8.00e-16

40 6.00e—16 6.00e—16

30
4.00e-16 4.00e-16
20

2.00e-16 2.00e-16

10

a

115 2 25 3 35 4 45 5 55 6 1 15 2 25 3 35 4 45 5 55 6

Density [log cm™] Density [log cm™]

Figure 3.3: Degeneracy plots of LVG Il (right) and LVG Ill (left). Each square represents a
model with specific density (x axis) and temperature (y axis) for the best fitting N(CO)/dv.
The color scale represents the x? value of that model fit to the CO data. Since we use a
modified Pearson’s x2, the actual values of the grey scale are not meaningful, only their
relative differences. The large black asterisk represents the best fitting model (minimum x?).

factor of £5 the column density is well constrained.

Although we cannot fully resolve the degeneracies, we will select a range of
model parameters with a low x? value to continue our analysis. We will define the
density range of LVG Il as 4 <logio(ng/cm™3) < 6 and the range of LVG 111 as
4.5 <log1o(ng/cm™3) < 6. Figure B-4 shows our three best fit ISM LVG phases.
Here we do not include the dense gas tracers to constrain the density of our LVG
models since the abundances may vary between ISM phases, however the densities
of our best fit LVG models are consistent with the HCN and HNC ratios shown
in Figure B.7 and Table 3.4.

'The model parameters of our best three models (Figure B.4) are summarized
in Table B.7. The column density stated in this table is the model gradient,
log(N(CO)/dv). We show a relative contribution of the emission by summing the
flux over all transitions of each model phase and comparing that to the flux of the
composite model (red solid line). We compare the total emission (summed flux of
CO transitions) to the integrated emission of each ISM phase. We find a relative
contribution in terms of emission (luminosity) to the total CO flux from LVG I,
LVGII, and LVG III 0f 0.2 : 0.2 : 0.6 respectively. Next, we compare the relative
scaled column densities which take the filling factors into account such that N; =
2; x Nco,i. We see a relative contribution in terms of column density of 0.6 : 0.4 :
0.02 for LVG I, II and III respectively, which is also proportional to the relative
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10 D B B BN
E LVG | log(n,)=3.5 T,=60.
[ LVG Il log(n,)=4.5 T,=40.
14 LVG Il log(n,)=5.5 T,=110.
10 E Emission LVGILVGIELVGI = 0.13 : 0.27 : 0.59
[ Neo LVGELVGIILVGIIl = 0.48 : 0.48 : 0.05
10_,5; ] Figure 3.4: '2CO and "*CO exci-
& ] tation ladders of NGC 253 with
€ 1 flux of each transition plotted as
2 10°'6L E black asterisks with red error bars.
x b ] In blue, green and yellow dotted
2 — lines we plot the LVG I, Il and Il
: ISM phases with their filling fac-
1 tors. The composite model is plot-
107'8L 4 ted with a red solid line. The model
] density, temperature and column
107" ‘ ‘ ‘ ‘ ‘ o 1 density are shown in the legend
0 5 4 6 8 10 12 14 along with the .relatlve contrlb.ut!on
e of each phase in terms of emission
Transition J, .
PP and column density.

mass contributions of each phase. Although LVG III is responsible for the bulk of
the line emission, and all of the emission for the high J CO lines, it represents a
very small fraction (~ 2%) of the mass. It is also interesting to note that LVG III
contributes almost nothing to the 13CO emission. This is due mainly to the low
optical depth of LVG 111, restricting the 12CO/*3CO to much lower than in LVG
and IL. The fact that LVG III has such a high density, but such a low column density
implies that the path length is very small or that the CO abundance is very low. The
low CO column density combined with a high temperature suggest the physical
environment of a PDR where the high UV flux keeps most of the CO dissociated,;
we explore this further in Section 4.2. We estimate a total gas mass of 3x 107 M,
which is only a lower limit for the mass since we assume a [C]/[H] abundance
ratio of 1.4x10~* and that all of the [C] is in CO. However, in the case of a high-
density, high-temperature LVG phase (LVG III), it is likely that the radiation
environment is strong, and thus most of the CO would be dissociated, which would
suggest a lower Hy mass than there is in reality. Due to these uncertainties, we will
perform a more detailed mass calculation in the following sections.

34.2  PDR Analysis

Now that we have constrained the density and temperature ranges of the three
dominant molecular ISM phases, we can determine which physical processes are
exciting the molecular gas. Since the nucleus of NGC 253 is experiencing high
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Component || Density log(ng) | Kinetic Temp log ]\;CUO Qe | Ch, Cieo
log[em ™3] K loglem™2 / km s71]

LVG1 35 60 17 50| 0.13 | 0.48

LVGII 4.5 40 17 5.0 0.27 | 0.48

LVGIII 5.5 110 17 0.5] 0.59 | 0.05

Table 3.2: Model parameters for the three LVG phases.

% Q is the beam filling factor for each ISM phase.

® Cem is the fractional contribution of each ISM phase to the emission.

¢ Cngo is the fractional contribution of each ISM phase to the column density.

star formation rates, there is an increase in number density of OB stars and thus a
high UV energy density. Through photoelectric heating and FUV pumping of Ha,
the FUV photons heat the outer layers (Ay <5) of molecular clouds. This area of
the molecular cloud is the PDR, and is responsible for warm molecular gas emis-
sion. The thermal state of PDRs is determined by processes such as photo-electric
heating, heating by pumping of Ha, followed by collisional de-excitation, heating
by cosmic rays, [OI] and [CII] fine-structure line cooling, and CO, H2O, Ha,
and OH molecular cooling. The ionization degree of the gas is driven by FUV
photo-ionization, and counteracted by recombination and charge transfer reac-
tions with metals and PAHs. The ionization degree is at most x, ~ 10~* outside
of the fully ionized zone. The chemistry exhibits two fundamental transition, H
to Ha, and C* to C to CO. Using PDR models from Kazandjian et al] (2012),
which solve for chemistry and thermal balance throughout the layers of the PDR,
we use the predictions of the 12CO and ¥*CO emission as a function of density,
radiation environment (G, the Habing radiation field), and column density. The
density profile is constant, as in the LVG models, and the Habing field is defined
as 1 G=Gp=1.6x1073 erg cm ™2 s~! from photons between 6 and 13.6 eV. The
fact that these models use G instead of temperature provides a direct diagnostic of
the radiation source responsible for the gas excitation. The model is a semi-infinite
slab model which is evaluated at Ay =3,4,5,10,20, and 30 mags, and we calculate
the column density from the Ay and density that gives us the best fit emission.

We narrow the PDR model parameter space by allowing only the densities
based on Figure B3 (4 <logio(ng/cm™=3) < 6) for the second phase and
(4.5 <logio(ng/cm™3) < 6) for the third phase. In order to further constrain
our fits, we include 12CO, CO, HCN, and HNC to our x? calculation. Since
HCN and HNC are typically dense gas tracers (both have n¢,ix > 10° cm™3), they
provide an important additional constraint on the second and third phases, since
according to our LVG analysis both phases are high density. We also have multiple
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Component | Density log(ng) | log(Go) | log(Nco) | log(Nco) | Q¢ Cgm Cf\,co 1\/Iatss]d\,H2
log[em ™3] loglem™2] | log[em™2] Mo Mg
PDRI 3.5 2.5 17.1 21.5 10.0 | 0.04 | 028 | 9x 107
PDRII 5.0 2.5 17.5 21.5 10.0 | 0.34 0.71 9 x 107
PDRIII 5.5 5.5 16.0 21.2 1.5 | 062 | <0.01 | 7x10°

Table 3.3: Model parameters for the three PDR phases.

* Q2 is the beam filling factor for each ISM phase.

b Cem is the fractional contribution of each ISM phase to the emission.

¢ Cneo s the fractional contribution of each ISM phase to the CO column density.

d Massy,,, is the mass of each ISM phase as estimated by the column density using Eq. El]

HCO™ transition observations but we do not use them in our analysis because of
the complicated nature of the emission of HCO™. Its abundances are very sensitive
to the interplay between heating and ionization rate and the resulting chemical
state of the gas (Meijerink et all 2011) and thus an untrustworthy diagnostic.

The parameters of the best fitting models are listed in Table 3.3. In Figure .3
the PDR fit is shown for 2CO, 13CO, HCN, and HNC. Each PDR phase is
represented by a blue, green , and yellow dotted line, while the composite model
is shown as a red solid line. We can achieve a relatively good fit for all phases, yet
it is important to check if this fit makes physical sense.

Using these three model PDR phases, we can estimate the molecular gas mass

in each phase by:

n

0, Ny, 1A
My, = ) et (3.4)

i

where Ny, is the Hy column density in ecm™2 which is consistently calculated
in the PDR models, Apeqr, is the beam area in cm?, and my, is the mass of a
hydrogen molecule. The mass of each PDR phase is shown in Table B3 and the
total mass of the system is 1.9 x 10® Mg, which is almost equal to the gas mass
measured for a beam size of 80", 3 x 108 M, (Weik et al] 2008). Harrison et al]
(1999) and Bradtord et al] (2003) found a gas mass of ~ 3x 107 M, for a beam size
of 15", roughly half the size of our beam yet we find a gas mass 6.5 times larger. In
addition, our LVG models predict a mass of ~ 3 x 107 M, which is a reasonable
(albeit a lower limit) gas mass estimate. The LVG mass is a lower limit since we can
see for a PDR with a high radiation field, the CO becomes dissociated. Thus using
the standard abundance of CO to Hs will under estimate the true Hy column.
To further test the physicality of our PDR models by comparing the atomic
gas to the molecular gas. Carral et all (1994) uses [CII] 158 pm to trace the atomic
gas mass in the inner 40" of NGC 253 and finds an atomic mass of 2.4 x 105 M,
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Figure 3.5: Left: 2CO and '®CO excitation ladders, right: HCN and HNC excitation ladders
of NGC 253 with flux of each transition plotted as black asterisks with red error bars. In
blue, green and yellow dotted lines we plot the PDR I, Il and Il ISM phases with their filling
factors. The composite model is plotted with a red solid line. The model density, Go and
column density are shown in the legend along with the relative contribution of each phase in
terms of emission and column density.

'This atomic mass is 30 times smaller than the molecular gas that we observe in our
32.5" beam, which is similar to the findings of Bradtford et all (2003) and Hailey-
Dunsheath et al] (2008). [Iielens & Hollenbach (1985) predict that in Galactic
PDRs, the first ~ 3 Ay s are irradiated and then cooled via atomic lines, whereas
the next 3 Ay are cooled through molecular lines. From this they estimate that
in a PDR, the masses of atomic and molecular mass should be about even. Since
our molecular mass is 30 times greater than our atomic mass, we can calculate the
Ay where the atomic heating must transition to molecular heating to preserve this
ratio and in which conditions this takes place.

First, we assume our PDR is a 2-D finite slab with an (ionized) atomic outer
layer and a molecular deeper layer. UV radiation is penetrating the slab from one
side and the slab has a constant density and a finite depth. In the case of our PDRs,
the depth is Ay =5, as shown in Table B.3. We can measure the mass in each layer,
which is proportional to Volume X Density, and we assume a constant density and
beam area (V=BA Xr), where r is the depth into the cloud, so these both drop out.
'The volume of the first layer is proportional to R,, where R, is the radius where
the atomic to molecular transition occurs. The volume of the molecular layer is
proportional to R4, —5 — R, where R 4,,—5 is the distance to the end of the slab.
We can than say that the ratio of the molecular to atomic mass is proportional to
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(Ra,=5/Ry) — 1 and we observe this ratio to be 30. Solving this equation for
R, we find that in order to observe a molecular to atomic mass ratio of 30, the
transition between atomic to molecular must occur at Ay =0.2. Although this is a
simplified calculation, it demonstrates the difficulty in producing 30 times more
molecular mass than atomic. We use our PDR models to test in which environ-
ments this very low transition depth occurs. We find the lowest transition depth
in our model parameter space is for a PDR with the highest density (10 cm™3)
and the lowest radiation field (10? Gy). The transition depth for our three PDR
models is Ay= 3.7, 2.2, and 4.5 for PDR I, II, and III respectively. Since all of
these are much above the necessary Ay =0.2, we suggest that an additional heating
source is necessary in order to account for the large amount of bright molecular

gas.
In order to determine the cause of this discrepancy, we start with our most

constrained ISM phase, LVG/PDR 1. We have determined that this ISM phase
has a density of 10> cm ™2 and a kinetic temperature of 60 K. We fit this with
a PDR with the same density, same column density, and a G = 10*% Gy. From
Go we can calculate the average temperature of the PDR, which is the dominant
factor in determining the emission intensity of the lines. We find that in PDR
I, we only have a temperature of 13.5 K, while we need a temperature of 60 K.
If we increase the radiation field in order to heat the gas further, we get up to a
peak temperature of 18 K and then begin to dissociate the CO. The only way in
which we can reproduce a PDR with n=103® ¢cm ™2 and T=60 K is by including

an additional heating term.

3.5 Dominant Molecular Excitation Mechanisms

Since our analysis suggests that a PDR can not be the sole source of the high ] CO
transitions, we investigate excitation from other sources for comparison.

351  Excitation Mechanisms

Aside from PDR heating, the three dominant heating mechanism of molecular
gas are X-rays, cosmic rays, and mechanical heating. X-rays heat gas in regions
(called X-ray Dominated Regions, XDRs) similar to PDRs except that the chem-
istry is driven by X-ray photons instead of FUV photons, which are able to pene-
trate further into the cloud without efficiently heating the dust at the same time.
These X-rays are mostly produced by active galactic nuclei (AGN) or in areas of ex-
treme massive star formation. The observed X-ray flux between 0.1 and 2.4 keV is
5.7240.59x 107 '2 erg s 7! em ™2, which translates to a luminosity of L x = 4x 10%°
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ergs s~ 1 at a distance of 2.5 Mpc (Pietsch et al] 2000). Since NGC 253 lacks an
X-ray bright AGN and has a relatively low X-ray luminosity compared to regions
where we see X-ray heating, we exclude this mechanism from further analysis.
Cosmic rays can also heat gas in Cosmic Ray Dominated Regions (CDRs). Cos-
mic rays are able to penetrate into the very centers of molecular clouds, where even
X-rays have trouble reaching and are typically produced by supernovae. Similarly,
PDRs with additional mechanical heating (mPDRs) are due to turbulence in the
ISM, which may be driven by supernovae, strong stellar winds, or jets.

In order to test for mechanical heating, we can add a mechanical heating term
to the PDR models (mPDR models). Since turbulence can penetrate a cloud at
all scales and depths, as a simple approximation the mechanical heating (I';,ecn)
is introduced uniformly throughout the 1-D PDR models. We parameterize the
strength of I'y,ecn, With o, which represents the fractional contribution of me-
chanical heating in comparison to the total heating at the surface of a pure PDR
(excluding mechanical heating). At the surface the heating budget is dominated by
photoelectric heating. When a=0, there is only photoelectric heating and cosmic
ray heating and when «a=1, the mechanical heating rate is equal to the photo-
electric heating at the edge of the cloud. These rates can be related to supernovae
rates, which in turn can be related to star formation rates (as was done in [Coenen
et all (2008)). The freedom in the choice of the values of « allow for a flexibility in
modeling the source of the absorbed mechanical heating. The surface heating rates
for the PDR models can be recovered from Figure 1 in Kazandjian et al] (2012).
More details about relating the mechanical heating to the star formation rate can
be found in the methods section of that paper and in [Coenen et all (2008). In ad-
dition to the mechanical heating, there is a heating rate due to cosmic rays applied
throughout the PDR. The heating by cosmic rays is only dependent on Hy den-
sity and ionization rate, in this case the galactic cosmic ray rate (0.2-3.5 x1071¢
s71) (Goldsmith & Langer 1978; van Dishoeck & Black 1986}; [ndriolo & McCall
2012) and the Hy density of the selected model.

Since both cosmic rays and mechanical heating derive from supernovae, it is
likely that if we have excitation from one mechanism, we should expect excitation
from both. Thus, in addition to the mPDR models, we have run mCDR models.
These models not only have photoelectric heating from the PDR and mechani-
cal heating, they also have an increased cosmic ray ionization rate of 750 (4q; or
3.75x1071* 571, as suggested by Bradford et al] (2003). The enhanced cosmic
ray ionization rate is paired with a varying mechanical heating rate from o = 0,
or no mechanical heating, up to v = 1.0 which translates to a heating rate of
Tpecn=1.3x1071° erg s~ em™3. This allows for pure cosmic ray excitation, where
a = 0 as well as the case where both mechanical heating and cosmic rays play a
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role in the gas heating.

352 Application to NGC 253

In order to determine the alternate heating mechanism, we first start with our
most constrained ISM phase, PDR I/LVG I. With only photoelectric heating, we
cannot reach the temperature measured in the LVG model (60 K), and thus must
include an additional heating source. In order to compare various heating sources,
we plot the LVG model (Figure 3.6, left panel) in black and overplot other similar
models. Similarly to the pure PDR models, pure CDR with no mechanical heat-
ing dissociates the CO before the temperature can get high enough to produce the
observed emission. First, we overplot the PDR model that we used in the PDR fit
(Section 4.2) in green. The emission from the pure PDR model is approximately
a factor of 10 lower than the LVG model of the same density and T=60 K. This
explains the high filling factors necessary to fit the model emission to our observa-
tions, and thus the high mass estimates. We can then use the same parameters as
the pure PDR fit, but add additional heating to see if we can reproduce the LVG
I emission profile. First we try to fit the emission with an CDR, identical to the
PDR except with an enhanced cosmic ray rate of 750 times the galactic CR rate.
This curve is overplotted in orange. Not only is the 12CO 10 times less luminous,
the 2CO/3CO ratio is not preserved, the 13CO is underproduced in comparison
to the LVG I model, which makes this an unlikely model. We can then test a me-
chanically heated PDR (mPDR) with an « of only 1%. This matches the emission
of LVG I for both 12CO and '3CO and requires only a small amount of mechan-
ical heating. Therefore, we choose mechanical heating as the necessary additional
heating mechanism for the first ISM phase.

Next, we must test this first component to see if it is well constrained. In the
right panel of Figure .6, we have varied radiation strength, column density, and
amount of mechanical heating to show that this component is not well constrained.
We can match the emission of the LVG model with any model with mechanical
heating between 1-25% and radiation between 101025 G,,. However, it is im-
portant to note that while these parameters change, so does the column density in
a way that preserves mass. Therefore, we cannot determine which of these models
represents the true physical conditions, but we can say that mechanical heating is
necessary and the mass of the component is around 5x10” Mg,. In order to pro-
ceed with the analysis, we select the model with 1% mechanical heating (blue in
Figure B.6) since it is a slightly better fit to the 3CO.

Now that we have determined the range of models applicable for the first ISM
phase, we fit our second and third ISM phases with the mPDR and mCDR models
to determine their dominant heating source. We hold the first ISM phase constant
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Figure 3.6: Comparison of PDR (green), mPDR (blue), and mCDR (orange) models to LVG
| (black) for both 2CO and **CO.

and equal to that of the 1% mechanical heating mPDR in Figure .6 but we al-
low the filling factor to vary. The second and third phases are held to the same
requirements as in the PDR fitting, namely the second phase density is in between
10% and 10% cm~3 and the third phase density is in between 104 and 10 cm 3.
The 2 for the 12CO, 13CO, HCN, and HNC ladders are summed to find an all
around best fit. The best fitting models are shown in Figure .7 for:

1. 1 mPDR and 2 mCDRs
2. 2mPDRs and 1 mCDR
3. 3 mPDRs.

'The parameters of the fit for each case are shown in Table B 4.

Bradford et all (2003) estimate an ionization rate of (1.5-5.3)x 10714 71,
which is 750 times larger than the galactic ionization rate. Acero et al] (2009)
measured a cosmic ray ionization rate up to 1000 times our galactic ionization
rate, which is consistent with the results from Bradford et all (2003)). We consider
both of these cosmic ray ionization rates to be upper limits, and suggest that the
true cosmic ray ionization rate is somewhere in between galactic and 750 times the
galactic value. The difference between a cosmic ray ionization rate of 1000 and 750
times the galactic value is negligible, so we will use the values 750 throughout the
rest of the paper. Martin et al] (2006) finds evidence that large scale, low velocity
shocks drive the chemistry and heating of NGC 253. In support of this, diffuse

SiO emission has been detected throughout the nuclear region (Garcia-Burillg
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Component || Density log(ng) | log(G) | log(Nco) | log(Nm,) | « | Q% | C2,, Neo memw\mw
log[em ™3] Go loglem™2] | log[em™2] | % Mg

Case 1 My.s: 8.4 x 107 Mg,

mPDR 3.5 2.5 171 21.5 1 |6.0]|0.17 0.28 5.7 x 107

CDR 5.5 1.0 17.8 21.4 0 3.0]0.21 0.71 2.3 x 107

mCDR 55 5.0 16.8 21.4 1 105]0.63| 001 |3.8x10f
Case 2 My: 1.1 x 108 Mg

mPDR I 3.5 2.5 17.1 21.5 1[60]017] 0.17 | 5.7 x 107

mPDRII 5.5 1.0 17.8 214 5 15.0]0.16 0.83 4.5 x 107

mCDR 5.0 4.5 16.2 21.2 10 | 1.5 | 0.67 | < 0.01 | 7.1 x 106
Case 3 M,z 1.1 x 10% Mg

mPDR 1 3.5 2.5 17.1 21.5 1 |6.0]0.16 0.23 5.7 x 107

mPDRII 5.0 1.0 17.7 214 10 [ 5.0 | 024 | 0.76 | 3.8 x 107

mPDR III 5.0 5.0 15.5 21.0 10 | 5.0 | 0.61 | <0.01 | 1.5 x 107

Table 3.4: Model parameters for the three ISM phases for each of the three cases.
" Q is the beam filling factor for each ISM phase.
P C..m is the fractional contribution of each ISM phase to the emission.

© Cngo is the fractional contribution of each ISM phase to the column density.
q

Massy,  is the mass of each ISM phase as estimated by the column density using Eq. 3.4.
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et al. 2000). In addition, Martin et al] (2005) have measured an over-abundance of
OCS, which is caused by low velocity shocks injecting these molecules into the gas
phase. Mechanical heating can also be introduced into the ISM through supernova
remnants (Loenen et al] 2008) or strong jets and we test its efficiency at heating
molecular gas using the mPDR and mCDR models. Strong molecular outflows
have been observed by Bolatto et all (2013), and they estimate an outflow rate of
9 Mg, yr~ !, implying the outflows are a strong source of turbulence in the galactic
nucleus.

Since Bradford et al] (2003) suggest that cosmic rays are responsible for most of
the molecular gas excitation in NGC 253, we first use case 1, two mCDR models,
to fit our observations and see if they are consistent with cosmic ray excitation.
We define cosmic ray excitation as ionization by cosmic rays, which produces slow
electrons that excite atomic and molecular hydrogen, and in turn produces photons
that heat the gas (Glassgold et al] 2012). As seen in the left panel of Figure 3.7,
the best fitting model requires no mechanical heating for the second ISM phase,
thus it is a pure CDR and requires only 1% mechanical heating for the third ISM
phase. The fit of case 1 to CO, HCN, and HNC is very good, yet this begs the
question what if the first component also used an enhanced CR rate. We tested a
fit with all three ISM phases including an enhanced cosmic ray rate and similarly
to Figure B.§ the 1*CO is not fit at all. If we tweak the x? calculation to weight CO
more important than HCN and HNC, we can fit 12CO and '*CO but completely
destroy the fits of HCN and HNC. However, the fact that we cannot fit three
components with a high CR rate does not mean that the fit of case 1 is not possible.
Instead, it could represent the physical situation where the diffuse ISM, traced
by the first ISM phase, has a diluted cosmic ray rate that can be assumed to be
equivalent to the galactic rate.

Since cosmic rays are predominately from supernovae, they may only affect
a small percentage of the total gas mass. Therefore, we attempt to recreate our
observed line fluxes in case 2 with one PDR, one mPDR, and one mCDR. This
scenario represents the case where mechanical heating is present throughout the
ISM, and in addition, cosmic rays excite a small amount of gas around supernova
remnants. The best fit models for this scenario are shown in the center panel of
Figure B.7. The models fit the 12CO, 3CO, HCN, and HNC reasonably well, if
not within the error bars of all transitions. Similarly to case 1, the HNC emission is
oft by a factor of ~ 2, yet since our models are not very advanced in their treatment
of the chemistry, a factor of 2 is not enough to rule out this case.

Finally, we test the case where mechanical heating is the dominant heating
mechanism and cosmic rays are not important to the heating of the molecular gas.

The right panel of Figure B.7 shows the best fit for case 3, three mPDR models,
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1 3

mPDR II has an a=0.1 which translates into a T',,ecp, = 1 x 10720 ergs - cm~
and mPDR 1III has an «=0.1 which is T')ecp, = 1.6 x 10718 erg s~! cm™3. This
model fits all the 2CO and ¥CO transitions within the error bars. In addition,
HCN and HNC are better fit than in both case 1 and case 2. Since all three cases
reproduce very similar, and very good fits of the molecular transitions, we cannot
differentiate between the precise mechanism. Still even in case 1 mechanical heat-
ing is needed not only in the first ISM phase but in the third ISM phase needing
an @=0.01, which is a non-negligible heat rate (1x107'® erg s™! cm™3) as shown
in Figure B.8. Thus it is clear that mechanical heating is necessary to reproduce
the observed emission, regardless of the added heating of cosmic rays. This find-
ing is similar to that of Nikola et all (2011) in NGC 891 and Hailey-Dunsheath
et al] (2008) for NGC 253 itself, where they use a combination of shock and PDR
models to determine that microturbulence and shocks are responsible for heating

the mid-J] CO gas.

3.6 Discussion

Since we have concluded that in NGC 253 mechanical heating plays a key role
in the gas excitation, we can compare the total mechanical heating with the other
heating sources to see which type of heating is dominant. In order to understand
the evolution of heating throughout the cloud, we plot the heating rates as a func-
tion of Ay, or depth into the cloud. We do this for each ISM phase separately
as well as for the total heating of the composite system. We compare all three of
our model scenarios: case 1 with two mCDRs, case 2 with one mPDR and one
mCDR, and case 3 with two mPDRs. The photoelectric heating includes all re-
lated heating mechanisms such as Hy pumping, CII ionization, viscous heating

etc. The heating breakdown is shown in Figure B.8.

361 Casel

For the first ISM phase, the mPDR, the total heating (in black) is produced mostly
by photoelectric heating from the PDR since there is only 1% mechanical heating.
However, at Ay=3.5 the mechanical heating overtakes the photoelectric heating
and becomes the dominant heating source. In all cases, the first PDR phase is kept
constant, thus for the next sections we will not discuss it further.

For each ISM phase, as well as the integrated heating, at Ay =0, or the edge
of the cloud, photoelectric heating is the dominant heating source, as expected
in a PDR. However, in the second ISM phase, the pure CDR, the cosmic ray
heating quickly becomes equally, and slightly more important than photoelectric
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heating at Ay =1. The third phase, the mCDR has an o« = 0.01, and despite a
very low mechanical heating rate, the mechanical heating rate is at least 10 times
higher than the cosmic ray heating and the photoelectric heating rate dominates
the heating through Ay =5. Looking at the integrated heating, we see that this
case (as well as all cases) is dominated by photoelectric heating. Even though this
case includes two ISM phases with an enhanced cosmic ray ionization rate, the
CR heating never exceeds that of the mechanical heating.

362 Caose?

In contrast, the integrated heating for case 2, with two mPDRs and one mCDR,
shows although photoelectric heating is the dominant mechanism, mechanical
heating still contributes a significant fraction of the heating and CR heating is
insignificant. We see that for the second ISM phase, the emission is dominated by
photoelectric heating up to Ay =2 and then mechanical heating becomes equally as
important. Here cosmic rays are relatively unimportant. The mCDR model has an
enhanced cosmic ray ionization rate, and is reflected in the heightened CR heat-
ing rate. However, in order to reproduced the observed HCN and HNC fluxes,
mechanical heating is still necessary and is consistently more important than the
cosmic ray heating rate by a factor of at least 50. Thus, in case 2, although we
included an enhanced cosmic ray ionization rate in one of the ISM phases, it is
unimportant to the total heating of the gas.

363 Caose d

Finally we study case 3, where there are 3 mPDRs. In this case, both the second
and the third phase have an & = 0.1 and neither has an enhanced cosmic ray ion-
ization rate. In both mPDR phases, the photoelectric heating drops off sharply,
and is replaced by mechanical heating at Ay =1 and Ay =3 for phase 2 and 3 re-
spectively. Studying the integrated heating, photoelectric heating still dominates,
but the mechanical heating is even more important here, and the CR heating is
about 5 orders of magnitude less important.

From these plots, we can conclude that in a PDR with any amount of mechan-
ical heating, mechanical heating is more important the cosmic ray rate, regardless
of if it is enhanced. However, mechanical heating being the dominant heating
source at the edge of a particular cloud does not mean that it is the overall most
efficient source of heating (see the Integrated heating plots). For example, in case
3 with 3 mPDRs, mechanical heating becomes the dominant heating source in
each individual PDR by at least Ay =3.5, yet if we integrate the heating of the

composite model we find that mechanical heating is only responsible for 20% of



3.6 Discussion 61

the total heating, while photoelectric heating heats 80%. Similarly, if we integrate
the contributions from each heating source in the composite model for case 2, we
find 84% photoelectric heating at 16% mechanical heating. In both cases 1 and 2,
cosmic rays play a negligible role in heating the gas, which may be expected since
only the third phase in case 2 has an enhanced cosmic ray ionization rate. However,
when we integrate the heating phases of case 1, with two phases with an increased
ionization rate, we find 98% of the heating from photoelectric heating and the
remaining 2% from mechanical heating. The cosmic ray heating contributes only
0.17% of the total heating. Therefore, we suggest that although we cannot rule out
cosmic ray contributions to heating the gas, the dominant heating mechanisms are
photoelectric heating and mechanical heating. In addition, although mechanical
heating may dominate the heating after Ay =3 in individual clouds, it still only
contributes a maximum of 20% of the heating in the cloud, in agreement with the
upper limit prediction from Rosenberg et all (2013). This suggests that the source
of feedback exciting the high density gas is not directly from star formation, but
instead perhaps from the molecular outflows which provide mechanical feedback
without the production of cosmic rays Bolatto et al] (2013).

We estimate the mass of each ISM phase and find that regardless of the exci-
tation mechanisms, the mass is relatively well constrained for each case. The first
phase, an mPDR with 1% mechanical heating, has a mass of 6x107 Mg,. The
second phase (either CDR or mPDR) has a mass of 2-5x107 Mg, and the third
phase (either mPDR or mCDR) has a mass of 2-4x10% M,. With the exception
of the third phase, the masses of each ISM phase are all approximately the same.
In addition, the total mass of each system is well conserved. We find a mass of
8-11x107 M. This mass is in agreement with 3 x 10% M, in an 80" beam (Weil
et al] 2008) since if the gas were evenly distributed, we would expect a mass of
5%10"M. The gas mass is concentrated in the center of the galaxy, thus it is rea-
sonable to expect a mass a few times higher than the evenly distributed mass. In all
cases the third phase contributes at least 60% of the CO emission but represents a
maximum of 15% of the mass. Also, in the third ISM phase of all cases, the CO
column density is less than 1% of the total CO column. This suggests that the CO
is mainly dissociated in this phase, but still responsible for ~ 60% of the C.

NGC 253 is an ideal case in which we have any observation desired. It is a
nearby, well-studied, star-forming galaxy that gives us a representative view of
environments undergoing rapid star formation. We have identified that in these
galaxies, although mechanical heating is important, heating by UV photons is still
the dominant heating source. We have also determined that in this environment,
cosmic rays at best play a minor role in heating the molecular gas. In this sense,
any star forming galaxy within a similar luminosity class as NGC 253, would have
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similar contributions of heating mechanisms. Yet in LIRGs and ULIRG:s, there
are many other factors in play, including AGN which produce x rays, mergers,
and powerful outflows, which increase turbulent heating. It is conceivable that
mechanical heating is the dominant source of excitation is such galaxies, or that
X-rays are much more important.

For example, studies of Mrk 231 show that the ISM is being processed both by
star formation and supernovae (Gonzalez-Alfonso et al] 2014; [Fischer et al] 2010).
NGC 6240 on the other hand, shows clear evidence of shocks and mechanical
heating (Meijerink et all 2013). In NGC 1068, Hailey-Dunsheath et all (2012)
find that the gas is either excited by x rays or shocks, but cannot difterentiate the
two. These galaxies are some examples of (U)LIRGs that show the complexity of
disentangling heating mechanisms in these luminous systems. They also demon-
strate that in the case of (U)LIRG:s it is rarely only UV photons that contribute
to heating the molecular gas. Although NGC 253 is not a LIRG, the starburst in
the center represents a similar environment, and already demonstrates the need to
include an additional heating mechanisms.

3./ Conclusions

We observe the starburst nucleus of NGC 253 with Herschel SPIRE in order to

understand the heating and excitation of the gas.

1. We extract the fluxes of all the lines in our spectra using F'TFitter, and correct
them for the changing beam size of SPIRE. We do a basic LVG analysis,
using both 2CO and ¥CO in order to constrain the parameter space. By
mapping the x? values for the full parameter space, we can get a handle on
the degeneracies and limit the parameter space further.

2. Using the limits set by the LVG analysis, we perform a PDR analysis. We
use not only the 12 and ¥CQO, but include the HCN and HNC ladders
as well, to constrain the dense gas. Although we get a good fit with 3 PDR
models, we can see that the the solutions are not reasonable and an additional
heating source is required. The additional heating source is needed because
we cannot reproduce a high enough temperature with just a PDR model to
match the observed CO emission.

3. Using PDR models with a constant mechanical heating rate (mPDRs) and
PDR models with both a constant mechanical heating rate and a cosmic
ray ionization rate equal to 750 times our galactic value (mCDRs), we can

fit 12CO, 13CO, HCN, HNC. We fit the four molecular ladders for three
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different cases, case 1 is 1 mPDR with 2 mCDRs, case 2 is 2 mPDRs and
1 mCDR, and case 3 is 3 mPDRs.

4. We find that all cases provide a good fit. We cannot fit all four molecules
with only enhanced cosmic ray models, we require the first model to be me-
chanically heated. Although we require mechanical heating to fit the ob-
served transitions, we cannot rule out the existence of cosmic ray heating in
addition to the mechanical heating.

5. Taking these three different cases of fits, we study the heating balance as a
function of depth into the cloud. We find that in case 1, with an o of just 1%
mechanical heating dominates cosmic ray heating at all depths of the cloud.
In both cases 2 and 3, mechanical heating quickly becomes the dominant
heating mechanism as the cloud depth increases for individual models. In
case 3, we see a similar picture with mechanical heating quickly dominating
the photoelectric heating in individual models.

6. Regardless of mechanical heating dominating the heating sources, in our
most heavily mechanically heated case (case 3), it only contributes about 20%
of the total heating, while photoelectric heating is still the dominant overall
heating source. In all cases, including case 1 with an enhanced ionization
rate for two of the ISM phases, cosmic ray heating is negligible to the total
heating of the cloud, as seen in the integrated heating rates of Figure 3.8

7. We estimate the mass of each ISM phase and regardless of case, the mass
is well constrained. The first phase, excited by predominantly photoelectric
heating, has a mass of 6x107 Mg,. The second phase has a mass of 3x 107
M, and the third phase has a mass of 9x 106 M. Although the phases have

similar masses, the third phase is responsible for ~ 60% of the CO emission.
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4/ Molecular goas heating In Arp
299

(Ultra) luminous infrared galaxies ((U)LIRGs) are nearby laboratories that allow us to
study similar processes to those occurring in high redshift submillimeter galaxies. Under-
standing the heating and cooling mechanisms in these galaxies gives us insight into the
driving mechanisms in their more distant counterparts. Carbon monoxide (CO) is the
most abundant and one of the brightest molecules in the Herschel wavelength range. We
study Arp 299, a colliding galaxy group, with one component (A) harboring an AGN and
two more (B and C) undergoing intense star formation. For Arp 299 A, we present PACS
spectrometer observations of high-] CO lines up to J=20-19 and JCMT observations of
13CO and HCN to discern between UV heating and alternative heating mechanisms.
There is an immediately noticeable difference in the spectra of Arp 299 A and Arp 299
B+C, with source A having brighter high-J] CO transitions. This is reflected in their re-
spective spectral energy line distributions. We find that photon-dominated regions (PDRs,
UV heating) are unlikely to heat all the gas since a very extreme PDR is necessary to fit the
high-J CO lines. In addition, this extreme PDR does not fit the HCN observations, and
the dust spectral energy distribution shows that there is not enough hot dust to match the
amount expected from such an extreme PDR. Therefore, we determine that the high-J] CO
and HCN transitions are heated by an additional mechanism, namely cosmic ray heating,
mechanical heating, or X-ray heating. We find that mechanical heating, in combination
with UV heating, is the only mechanism that fits all molecular transitions. We also con-
strain the molecular gas mass of Arp 299 A to 3 x 10° M, and find that we need 4% of
the total heating to be mechanical heating, with the rest UV heating. Finally, we caution

against the use of 12CO alone as a probe of physical properties in the interstellar medium.

M. J. F. Rosenberg, R. Meijerink, F. P. Israel ez. a/
A4, in press (arXiv:1407.2055)

!Co-authors contributed helpful insight and comments on the main text. The models used, as
well as the high-] CO observations are from R. Meijerink, and the ground based observations and
corresponding text is from F.P. Israel.
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41 Introduction

(Ultra) luminous infrared galaxies ((U)LIRGs) are systems or galaxies with very
high far-infrared luminosity (ULIRG: Lp;p > 10'2L¢ and LIRG: Lprp >
10! L; Sanders & Mirabel (1996)) owing to a period of intense star forma-
tion. Arp 299 (NGC 3690 + IC 694, Mrk 171, VV 118, IRAS 11257+5850,
UGC6471/2) is a nearby (42 Mpc Sargent & Scovillg (1991)) LIRG (Lpir =
5 x 10) currently undergoing a major merger event. Arp 299 is dominated by
intense, merger-induced star formation and is made up of three main components
(Alonso-Herrero et all 2000). Although the core regions of these components can
still be resolved, there is a large overlap in their disks. The separation between Arp
299 A and Arp 299 B and C is 22", or 4.5 kpc in physical distance. Arp 299 B
and C are separated by only 6.4", or 1.4 kpc. The largest component is the massive
galaxy IC 694 (Arp 299 A), which accounts for about 50% of the galaxies' total
infrared luminosity (Alonso-Herrero et all 2000).

The galaxy NGC 3690 represents the second component (Arp 299 B) that
is merging into IC 694 and represents ~ 27% of the total luminosity (Alonso
Herrero et al] 2000). The third component (Arp 299 C) is an extended region
of star formation where the two galaxy disks overlap. Here we use the standard
nomenclature, instead of the NED definition. Sargent & Scovilld (1997) suggest
that an active galactic nucleus (AGN) could be responsible for the large amount of
far-infrared luminosity in Arp 299 A, although Alonso-Herrero et all (2000) find
no supporting evidence. [Henkel et al] (2005) and [Iarchi et al] (2007) suggest that
the presence of HoO masers, along with X-ray imaging and spectroscopy (Delld
Ceca et all 2002; [Zezas et al] 2003; Ballo et al! 2004) indicate that an AGN must
be present in the nuclear region of Arp 299 A. Using milliarcsecond 5.0 GHz
resolution images from the VLBI, [Pérez-Torres et all (2010) conclude that there
is a low luminosity AGN (LLAGN) at the center of Arp 299 A.

In addition to the AGN, there are intense knots of star formation observes in
the infrared and radio (Wynn-Williams et all 1997)). Alonso-Herrero et all (2000)
observes Arp 299 in high-resolution with the Hubble Space Telescope in the near-
infrared and also find that over the past 15 Myr, Arp 299 has been undergoing in-
tense merger-related star formation. This star formation is fueled by large amounts
of dense molecular gas: 8x10° M, pc—2 for Arp 299 A, 3x10* M, pe~? for Arp
299 B, and 2x10* Mg, pe~2 for Arp 299 C (Sargent & Scovilld 1991). Most of the
star formation responsible for the high far-infrared luminosity is spread over 6-8
kpc (Alonso-Herrero et al] 2009), resulting in most of Arp 299 having typical star-
burst properties. Only the nucleus of Arp 299 A exhibits true LIRG conditions,
with n.=1-5x10% cm =3, deep silicate absorption features implying embedded star
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formation, and PAH emission (Alonso-Herrero et al] 2009).

In this paper we present observations of the central region of Arp 299 using
the Spectral and Photometric Imaging Receiver (SPIRE) on board of the ESA
Herschel Space Observatory as part of HerCULES (PI: P. P. van der Werf). Due to
the large spectral range of SPIRE, we can observe many different line transitions,
which enables the study of excitation mechanisms of different phases of the ISM.
Specifically, we compare the intensity of different CO transitions to CO emission
models to determine the density, temperature, and radiation environment of the
phases of the ISM in Arp 299. We directly compare Arp 299 A, which harbors an
AGN, to Arp 299 B and C, which are undergoing rapid star formation. Then we
add observations from the Photodetector Array Camera and Spectrometer (PACS)
(PI: R. Meijerink) and the literature to disentangle the heating mechanisms of the
molecular gas. In Section .2 we present all of the observations and discuss the data
reduction methods. Then in Section f.3, we present the spectra and line fluxes for
both the SPIRE and PACS spectra. A qualitative comparison between Arp 299
A, B, and C is discussed in Section f.4. Using all available data, in Section f.5 we
explore the heating mechanisms of the highest-] CO transitions and discuss the
limitations of using only 12 CO to determine physical parameters in Section F.4.
We state our conclusions in Section f.7.

4.) Observations and data reduction

4)1 Observations

Herschel SPIRE FTS data: Observations of Arp 299 were taken with the Herschel
Spectral and Photometric Imaging Receiver and Fourier-Transform Spectrome-
ter (SPIRE-FTS, Griffin et al] 20104) on board the Herschel Space Observatory
(Pilbratt et al] 20104) using three separate pointings centered on Arp 299 A, Arp
299 B, and Arp 299 C (see Table f.1)). The low frequency band covers =447-989
GHz (A\=671-303 pm) and the high frequency band covers v=958-1545 GHz
(A=313-194 um), and these bands include the CO J=4-3 to CO J=13-12 lines.
The high spectral resolution mode was used with a resolution of 1.2 GHz over
both observing bands. Each source was observed for 4964 seconds (1.4 hours). A
reference measurement was used to subtract the emission from the sky, telescope,
and instrument. We present the original observed SPIRE spectra in Figure f.1].
Herschel SPIRE Photometry data: Observations using the SPIRE Photometer
were taken as part of the Herschel Guaranteed Time Key Program SHINING
(PI: E. Sturm). The system was observed on the 6th of January 2010 at 250, 350,
and 500 um (observation ID: 1342199344, 1342199345, 1342199346). The source
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Table 4.1: Log of Herschel Observations

Instru- Transition Observation ID Date Integr.
ment Y-M-D [s]
Arp 299 A 11728™335.7 +58933m46°
PACS COJ=14-13 1342232607  2011-11-21 4759
PACS COJ=16—-15 1342232606  2011-11-21 641
PACS COJ=18-17 1342232608  2011-11-22 782
PACS COJ=20-19 1342232603  2011-11-21 1225
PACS COJ=22-21 1342232605  2011-11-21 976
PACS COJ=24-23 1342232603  2011-11-21 1225
PACS COJ=28-27 1342232607  2011-11-21 4759
SPIRE 194 — 671 pm 1342199248  2011-06-27 4964

Arp 299 B 11"28™31° +58933m41°
SPIRE 194 — 671 um 1342199249  2011-06-27 4964
Arp 299 C 11728™31°.13 4-58733485.2
SPIRE 194 — 671 um 1342199250  2011-06-27 4964

was observed 797 seconds in total.

Herschel PACS spectroscopy data: CO J,;, > 14 observations were made with the
Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al] 20104) for
Arp 299 A only. The data presented here have been obtained as part of the Herschel
program OT1_rmeijeri_1 (PI: Meijerink), complemented by observations from
OT1_shaileyd_1 (PI: Hailey-Dunsheath). The observations consisted of deep in-
tegrations targeting CO J = 14 — 13, CO J = 16 — 15, CO J = 18 — 17, CO
J=20-19,COJ =22-21,COJ =24 —23,and CO J = 28 — 27. 'The
observation IDs of the targeted CO lines are listed in Table f.1].

Ground based data: We use the short spacing corrected CO maps from Sliwa
et al] (2012) for the J=1-0, 2-1, and 3-2 transitions for Arp 299 B and C. We inte-
grate the flux corresponding to our largest SPIRE beam (J=4-3, 42") full-width-
half-maximum (FWHM) centered on each of the pointings respectively. We do
not use these values for Arp 299 A since the CO 1-0 map has error bars larger than
50%.

For Arp 299 A, we used dual-polarisation receivers A and B (decommissioned
in 2009) on the IRAM 30 m telescope to measure the J=1-0 >CO line towards
Arp 299 in November 2005, followed by observations of J = 2—1 2CO and both
J=1-0 and J=2-1 13CO in July 2006. Weather conditions were good to excellent.
System temperatures including the sky were 160 K to 240 K for the J=1-0 transi-
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tions and 400 - 500 K for the J=2-1 transitions. Beam sizes are 21"-22" and 11" at
110-115 GHz and 220-230 GHz corresponding to these transitions. Main-beam
efficiencies were 0.74, 0.73, 0.48, and 0.45 at these four frequencies, respectively.
The J=2-1 12CO and 3CO lines were also observed with the JCMT 15 m tele-
scope in June and July 1995, with overall system temperatures including the sky
of 485 and 340 K, respectively. The beam size was 21" — 22", and the main-beam
efficiency was 0.69. All spectra were binned to resolutions of 20 km/s. A linear
baseline was subtracted, and the line flux was determined by integrating over the
velocity range V(LSR) = 2800 - 3500 km/s.

'The HCN J=(3-2) observations were made with the JCMT in February 2010
using receiver A3 under good weather conditions with system temperatures of 240
to 310 K; the beam size was 18", and we used a main-beam efhiciency of 0.69
at the operating frequency of 265.9 GHz. HCN J=(4-3) was obtained with the
HARRP array in stare mode on the JCMT in May 2010. Weather was excellent,
with T(sys) in the range of 226-240 K. We extracted the line profile from the
central pixel. The beam size was about 13" and the main-beam efficiency about
0.6. From the observed spectra, line fluxes were recovered in the same way as for
the 13CO observations.

4.2 Daota reduction

Herschel SPIRE FTS data: The data were reduced using version 9.0 of Herschel
Interactive Processing Environment (HIPE). For all extended sources, an aper-
ture correction is necessary to compensate for the wavelength dependent beam
size. This requires knowledge of the source distribution at SPIRE wavelength. We
approximated the size based on a high spatial resolution SMA CO ]=3-2 map
(Wilson et al] 2008).

Each SMA map was convolved with a 2-D Gaussian to match the FWHM
of the SPIRE beam sizes (15-42"). We then determine the flux density at the
SPIRE pointing centers as a function of spatial resolution normalized by the flux
density in the largest aperture (42"). The resulting dependency between normalized
flux density and spatial resolution was then applied to SPIRE's Long Wavelength
Spectrometer Array (SLW) and the Short Wavelength Spectrometer Array (SSW)
spectra taking the SPIRE beam sizes as a function of wavelength into account.
Finally the SLW and SSW spectra were coadded flagging the noisy edge channels
in both spectra. This yields a combined spectrum at an effective spatial resolution
of 42" for each source.

'The quality of the aperture correction can easily be evaluated by comparing the
continuum flux densities in the corrected SLW and SSW spectra in their spectral
overlap region. Our approach effectively removes the 'jump' visible in the continua
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between the SLW and SSW spectra at their original spatial resolution, although
we only present the original observed spectra below.

'The ratio of the flux between each convolved SMA map and the flux within
the largest beam size (42") is the beam correction factor (kg) where:

Fcorr = Fobs X KS (41)

Thus, all fluxes are normalized to a beam size of 42" (i.e. 9.8 kpc). The beams for
pointings B and C significantly overlap, thus it is hard to discern any independent
measurements from these pointings. However, pointing A is more isolated. Al-
though the largest beam does include some of B and C, most of the beam sizes are
completely independent.

Fluxes were first extracted using FTFitter, a program specifically created to
extract line fluxes from Fourier transform spectrographs. This is an interactive
data language (IDL) based graphical user interface that allows the user to fit lines,
choose line profiles, fix any line parameter, and extract the flux. We define a polyno-
mial baseline to fit the continuum and derive the flux from the baseline subtracted
spectrum. In order to more accurately determine the amplitude of the line, we fix
the FWHM to the expected line width of 2CO at each source, using the velocity
widths measured by Sliwa et al] (2012). In the case of very narrow linewidths, more
narrow than the instrumental resolution (J= 4-3 through 8-7 for Arp 299 C), we
do not fix the FWHM but fit the lines as an unresolved profile. We use an error
of 30% for our fluxes, which encompasses our dominant sources of error. Specif-
ically, the uncertainty of the beam size correction using SMA CO J=3-2 map is
~20%. 'The error of the absolute calibration uncertainty for staring-mode SPIRE
FTS observations is an additional 6% (Swinyard et all 2014). We also have some
uncertainty in the definition of the baseline and flux extractions, since we use an
unresolved or Gaussian profile for all emission lines, accumulating to ~ 5%.

Herschel SPIRE photometry data: SPIRE maps were reduced using HIPE 10.3.0
(Ott 2010) and the SPIRE calibration tree v.10.1. A baseline algorithm (Bendo
et al] 2010) was applied to every scan of the maps in order to correct for offsets
between the detector timelines and remove residual baseline signals. Finally, the
maps were created using a naive mapping projection. The global fluxes for Arp 299
are measured to be 21.8, 7.34 and 2.37 Jy for 250, 350 and 500 pum respectively.
For the errors in the SPIRE photometry we adopted a 15% calibration uncertainty
for extended emission; (SPIRE Observers Manual, v2.4, 2011).

Herschel PACS data: The data were processed and calibrated using HIPE ver-
sion 10.0 and the pipeline for range spectroscopy. The object was centered on the
9.4" central spaxel of the 5 by 5 PACS array. Little flux is seen outside this central
spaxel, and therefore the fluxes are extracted from the central spaxel and refer-
enced to a point source. We use a 3 by 3 spaxel correction for extended sources
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and small pointing offsets. We used SPLAT as part of the STARLINK software
package to subtract baseline, and determine the peak flux, full-width-half maxi-
mum (FHWDMs), integrated flux, and its uncertainty for the CO lines. To find the
integrated flux and uncertainty, we fit a Gaussian profile to the line and integrate
the Gaussian.

Ground Based Data: In the reduction of the line profiles observed with IRAM
and JCMT, we used the CLASS package. The JCMT data were retrieved with the
SpecX package and turned into FITS files which were subsequently imported into
CLASS. The IRAM profiles were immediately available in CLASS format. For all
line profiles, second-order baselines were subtracted. Line fluxes were determined
both by Gaussian fitting, and by straightforward summing over a sufficiently wide
velocity interval. Both methods yielded nearly identical results. We then scaled the
13CO J=1-0 and J=2-1 up to the 42" beam size using the same method described
in Section tor the SPIRE FTS observations.

43 Results

Here we present the spectral profiles and line fluxes for the SPIRE FTS spectra
and the PACS observations.

431 SPIRE FTS line Fluxes

The 12CO transitions are visible from J=4-3 to J=13-12. There were also strong
detections of [NII] at 1437 GHz and [CI] at 484 GHz and 796 GHz in all three
spectra. We detect 7 strong water emission lines, they are most prominent in Source
A and become weaker or undetectable in Sources B and C. The lines are labeled
in Figure {1, 12CO in black, HyO in blue, and atomic lines in magenta. As seen
in this plot there is a discontinuity between the high and low frequency modes of
the spectrometer. This discontinuity is due to the different apertures used by the
high and low frequency arrays combined with the fact that the object is not a point
source. A scaling factor (kg) for each wavelength is calculated using the method

described in Section f.2.3, and displayed in Table f.2.

432 PACS line Fluxes

The PACSCO J = 14 — 13, 16 — 15, 18 — 17, and 20 — 19 line detections are
shown in Fig. .2 and their peak flux, FWHM, and integrated fluxes are listed in
Table B.3. We also would like to note that the CO J = 20 — 19 transition is only
detected at 20. The CO J = 22 — 21, J = 24 — 23 and 28 — 27 were not detected,

and for these lines we determined an upper limit.
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Figure 4.1: SPIRE spectra of Arp 299 A (blue), B (green) and C (red). Source A is offset by 25 Jy, while Source B is offset by 15 Jy. Each

bright line is identified, CO lines in black, atomic lines in magenta, and H2O lines in cyan. The atomic lines and H2O transitions will be
discussed in a different paper.
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Line ks, | Flux Arp299 A | kg, | Flux Arp299B | ks, | Flux Arp299 C
32.8" | [1071"Wm2] | 32.8" | [1071" W m—2] | 32.8" | [107Y" W m2]

12CO 4-3 1.01 8.89 1.02 5.28 1.02 5.88
12CO 5-4 1.10 10.8 1.26 6.75 1.24 7.45
12CO 6-5 1.14 12.5 1.40 7.18 1.38 7.02
12C0O 7-6 1.07 13.0 1.19 6.39 1.18 6.29
12C0O 8-7 1.05 14.2 1.12 6.82 1.12 7.31
12C0 9-8 1.30 13.4 1.39 3.86 1.30 3.97
12C0 10-9 1.33 14.5 1.51 4.80 1.45 3.65
12C0O 11-10 1.33 13.2 1.53 3.84 1.47 3.37
12cO 12-11 1.34 11.4 1.57 2.72 1.53 2.29
12CO 13-12 1.35 10.9 1.59 3.45 1.55 1.66
[CIPP 3 Py 1.04 2.56 1.09 2.17 1.08 1.94
[CIPP, -3 Py 1.07 8.46 1.19 4.61 1.18 4.49
[NIT)’P, -2 Py || 1.35 25.6 1.59 11.1 1.55 5.86
2CO 1-0 - 0.29 - 0.08% - 0.01%
12C0O 2-1 -- 1.29 - 0.76% -- 0.73%
12CO 3-2¢ - 5.09 - 2.10 - 3.04
3CO 1-0 -- 0.01 -- - - --

13CO 2-1 -- 0.15 -- -- -- --

HCN 1-0° - 0.003 - -- -- -

HCN 3-2 2.52 0.04 - -- -- -

HCN 4-3 3.77 0.03 - -- -- --

Table 4.2: Observed line fluxes corrected for beam size using correction factors (kgs, Sec-
tion 2.2). Also, the errors on all derived fluxes are 30% as explained in the text. Fluxes from
ground-based observations found in the literature are also presented.
@ Determined from the maps presented in Sliwa et al| (2012).

® From Imanishi & Nakanishi (2006).

Transition Arest Peak AV FWHM Sline Sline corr
[pem] [Jyl [km/s] [km/s] [107YWm™2] [1077 W m2]
Arp299 A

COJ=14—-13 185999 40+0.2 50+7 367417 8.3+0.5 11.24+0.7
COJ=16—-15 162.812 26+0.1 —-7+6 326416 5.6+0.3 7.5+0.5
COJ=18—-17 144784 1.1+£0.1 92421 438+50 3.6 0.5 4.8+0.7
COJ=20-19 130.369 0.8+0.2 8+36 285487 1.8£0.7 2.44+0.9
COJ=22-21 118.581 <23 < 3.1
COJ=24-23 108.763 <26 <35

CO J =28 —-27 93.3491 <17 <23

Table 4.3: PACS CO observations.

¢ AV, is the distance in km/s away from the central wavelength of the line.
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44  Comparison between Arp 299 A and B+C

In this section, we perform a comparison of Arp 299 A, B, and C using only the
SPIRE FTS fluxes to determine what differences are observed from 2CO alone.
'The most notable aspect of the spectra presented in Figure . is that the high-]J
CO lines of Arp 299 A are distinctly brighter than those of Arp 299 B and C. It
is clear simply from inspecting the spectra that the molecular gas in Arp 299 A is
more excited than that of Arp 299 B and C.

For each spectrum (A, B, and C) we can create a spectral line energy distribu-
tion or 'CO ladder', which plots the intensity of each CO transition as a function
of the upper J number. This type of diagram is predicted to be a powerful diag-
nostic tool as shown by [Meijerink & Spaang (2005) and Meijerink et al] (2007),
where models show that these CO ladders have very different shapes depending
on the type of excitation (i.e. photon dominated region, PDR or X-ray dominated
region, XDR) as well as density and radiation environment. The three CO ladders
for Source A, B, and C are plotted on top of each other in Figure f.3. For context,
their smallest and largest beam sizes are plotted over a SCUBA 450 pm image,
showing the overlap between the Arp 299 B and C pointings. This overlap is also
apparent in the CO ladders, the two ladders follow the same shape and intensity,
meaning they are essentially an averaged observation of both Arp 299 B and C.
Because of this, we only use the averaged values for Arp 299 B and C from here
on. Although we cannot discern anything independent about Arp 299 B and C, it
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is immediately apparent that Arp 299 A has a very different CO ladder. Arp 299
A flattens in intensity with increasing transitions, while Arp 299 B and C both
show a turnover in their ladders at J,,,,=5. This indicates clearly that there is more
warm CO in Arp 299 A than in B+C and we expect to see this reflected in the
tollowing PDR analysis.

441 Baosic PDR onalysis

Since Arp 299 is a LIRG with a high star formation rate, there must be a high
density of OB stars and thus a high UV energy density. Through photoelectric
heating and FUV pumping of Hy, the FUV photons heat the outer layers (Ay <5)
of molecular clouds. This area of the molecular cloud is the PDR, and is respon-
sible for warm molecular gas emission. The thermal state of PDRs is determined
by processes such as photo-electric heating; heating by pumping of Hy followed
by collisional de-excitation; heating by cosmic rays; [OI] and [CII] fine-structure
line cooling; and CO, H2O, Hy, and OH molecular cooling. The ionization de-
gree of the gas is driven by FUV photo-ionization, and counteracted by recombi-
nation and charge transfer reactions with metals and PAHs. The ionization degree
is at most z. ~ 107* outside of the fully ionized zone. The chemistry exhibits
two fundamental transitions, H to Hy and C™ to C to CO. Using PDR models
(Meijerink & Spaang 2003]; Kazandjian et al] 2012) that solve for chemistry and
thermal balance throughout the layers of the PDR, we use the predictions of the
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12CO emission as a function of density, radiation environment (G, in units of the
Habing radiation field Go=1.6x1073 erg cm 2 s71), and column density. We use
an isotopic abundance ratio of 80 for 12CO/13CO, since our observed 2CO/¥CO
J=1-0 intensity ratio is ~ 24, which is common in (U)LIRGs (Aalto et al] 1997).
Gonzilez-Alfonso et al] (2012) find an isotope ratio around 100 for the promi-
nent starburst Arp 220, which is similar to that of Mrk 231 (Henkel et al] 2014).
However, for a less powerful starburst, such as NGC 253, the isotope ratio was
measured to be 40 (Henkel et al] 2014). Since Arp 299 is a moderate starburst, an
estimate of 80 is reasonable. The density profile is constant and the Habing field is
parameterized in units of Gy from photons between 6 ¢V and 13.6 ¢V. We perform
an unbiased fitting of the models to the CO ladder, employing an automated 2
fitting routine, described in detail in Rosenberg et al] (2014). This routine allows
for up to 3 different ISM phases where we define the total model as:

Model = Qi PDR; 4+ Qi PDRr; + QriPDRyr (42)

where PDR;, PDR;;, and PD R are the distinct contributions of the three
PDR models. Qf, Qyr, and Q77 represent the respective filling factors of each
ISM phase. Filling factors traditionally represent how much of the beam is filled,
so they only range from 0 to 1. However, this assumes that these clouds do not
overlap in velocity, which we allow for. Thus, (2 is not only a beam filling factor,
but also allows for an overlap in velocity, which accounts for it being slightly greater
than one.

We perform a modified Pearson's x? minimized fit for 2CO and 3CO si-
multaneously, where the modified Pearson's x? is:

ZNdam (obs;—model;)?

i=1 model;
: (4.3)
Ndata

2 _
Xmol =

We define x2,,, as the modified Pearson's x? for a specific molecule. The total x? is
the sum of the 2, ; terms for each molecule. The numerator of this equation is the
traditional Pearson's 2, then in the denominator we divide by the total number
of transitions in each respective molecule, essentially yielding an average x? for
12CO and '3CO separately. In Section 5, we refer to the total x* as being the sum
of Eq. for all molecules; 12CO, 13CO, and HCN.

Using this equation, we calculate the y? for every combination of 3 models
and filling factors. In this way, we cannot only see which models make the best fit,
but we can also see the x? values for all the other model combinations. This allows
us to understand the level of degeneracy inherent to the models and understand
the limitations of this method. In Figure f.4, we show the best fitting models for
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Figure 4.4: Best fit (x*> minimized) PDR models simulating the >CO emission for Arp 299
A (left)and B+C (right) using three ISM phases.

The red line is the sum of the three phase models, the black asterisks are the data
points with error bars, and the blue, green, and orange lines represent the
independent PDR models for each phases. The model density, temperature and
column density are shown in the legend along with the relative contribution of
each phase in terms of emission and column density.

Arp 299 A and Arp 299 B+C. We also calculate the relative contribution of each
independent model to the overall CO ladder intensity in terms of emission and
CO column density.

One aspect of these fits is that each of the CO ladders needs a minimum of
three ISM phases to be fit well. In addition, the lowest | transitions are fit with a
relatively low density and low G’ PDR, the middle phase is a medium density and
medium G PDR, and finally the highest J transitions can only be fit by extreme
PDRs, which makes up a negligible percent of the CO column density, but over
30% of the total CO emission in the case of Arp 299 A and over 60% of the total
CO emission in Apr299 B+C. In Figure f.5, we display the degeneracy plots for
Arp 299 B+C. These plots are only a slice of the full degeneracy cube, held at
the best fit column densities. They are a representative example of the degeneracy
plots of the other fits and share similar characteristics. In the left panel, we show
the degeneracy plot for the first ISM phase (PDR I). Each small square represents
a different model with a particular density and radiation. The color represents the
x? value, white being the lowest and black being the highest.

As seen in Figure .5, the fits are degenerate. We do have a 'best fit', desig-
nated with an asterisk, but especially in the case of PDR, there are a wide range of
models that would fit almost as well as the selected model. We can only constrain
density to n = 10%® — 105® cm~3 and the radiation field in unconstrained. Even
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Figure 4.5: Degeneracy plots for Arp 299 B+4-C. Each plot represents the full grid of models
for each phase in Figure @, PDR 1 (left), PDR Il (center), PDR IlI(right). The asterisk
represents the model with the lowest x?, which are also plotted in Figure @ The gray scale
of each small square indicates the associated log(x?) value for that particular model, white
being the best fits and black being the worst. The x? value is defined in Equation @ and
shown in log gray scale.

though the fits are degenerate, it is clear that each phase has a specific and indepen-
dent range of parameter space for which there is a good fit. Each ISM phase has a
trade off between radiation and density, but each cover a different range of values.
For instance, PDR I ranges in density from n = 10%5 — 10°% cm ™3, while PDR
IT ranges from n = 103 — 10 cm ™ and PDR III ranges from n = 10°° — 10°
cm 3. The radiation field strength is not as well constrained and varies inversely
to the density. However without more information, we cannot break the observed
degeneracies.

Since we have ancillary data for Arp 299 A, and since we cannot separate the

contributions from Arp 299 B and C, the following discussion will focus on Arp
299 A.

45 A case study: Arp 299 A

Using the PACS high-J 2CO as well as the JCMT *3CO, and HCN observations,
we determine if Arp 299 A can be heated purely through UV heating or if addi-
tional heating sources are necessary. We can use the PACS observations presented
in Section to extend the SPIRE CO ladder from Jy,=13 to J,,,, = 20. We
then add the observations of 1*CO J=1-0 and J=2-1 to constrain column density
and observations of HCN J=1-0, J=3-2, and J=4-3 to constrain the high density
components. In addition, we extract fluxes from the SPIRE Photometry maps and
combine them with observations from the literature in order to perform an SED
analysis of the dust to help further disentangle UV from other heating sources.



4.5 A case study: Arp 299 4 79

Arp299 A
107" T rrrTTTTTT ]
F Total Model ]
--------- PDR | n=3.50 Gy=2.50
1077 ¢ *’co 3
1078 t o0 1

Flux (W m_z)

Figure 4.6: Best fit model of 13CO
J<2 and 2CO J<2. The solid line
1079 - t E is the total model, the asterisks are
i ] the data points with error bars, and
the dotted line represents the first
ISM phase, represented by a PDR

107, ... ..., [ [
model. The model density and ra-
0 1 2 3 " .
e diation strength are shown in the
Transition J,
PP legend.

451 The low-excitation phase

Before we blindly fit the full grid of models to our observations, we can constrain
the first ISM phase, responsible for the low-] CO lines. Since *CO is optically
thin, the ratio of *CO to 2CO constrains the optical depth, and in turn the
column density. We have observations of *CO 1-0 and 2-1 from the JCMT, as
presented in Section f.2. We can assume that the 1*CO 1-0 and 2-1 lines arise
from the same ISM phase that is responsible for the first few transitions of 12CO,
and can run the automated fitting routine on the low-]J transitions alone. The best
fit is displayed in Figure f.§. Since often, most of the 12CO is in low rotational
states, we can help constrain the mass of the whole system by finding the mass
of the low-excitation ISM phase. In this phase, we find a mass of 2x10° Mg,
(Eq. B-4), which represents ~66% of the total molecular gas mass.

452 Full PDR analysis

Now that we have constrained the first ISM phase, we can include all the available
data to constrain the other ISM phases. We will include ?CO observations from
PACS including J=14-13 through J=20-19 to constrain the CO ladder turn-over
point, HCN 1-0, 3-2, and 4-3, to constrain the properties of the high density gas,
and the SPIRE photometry observations to estimate the dust temperature. With
all the available line fluxes, we can first fit the full CO and HCN ladders of Arp
299 A using pure PDR models. In Figure {7, we display the 12CO and 3CO
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Figure 4.7: Left panel: A x? minimized fit of the CO ladder of Arp 299 A from J=1-0
through 24-23. The fit was constrained to three PDR models, displayed in blue, green, and
yellow. The black points are the observed CO fluxes and the red line is the total model fit.
Right panel: The same models as the left panel, but the fits for the *CO and HCN fluxes.
The HCN model lies far above the observed J=3-2 and 4-3 HCN fluxes.

ladders from J=1-0 through 28-27 and J=1-0 to 2-1 respectively, along with the
x? minimized fits. We also calculate the relative contribution of each independent
model to the overall CO ladder in terms of luminosity and CO column density.

'The parameters of the fits are given in Table f.4. We have estimated the masses
of each ISM phase using the equation from Rosenberg et al] (2014):

n

Q;Npg, ;A
My, = 3 it »

3
where Ny, is the Hy column density in ecm™2 which is consistently calculated
in the PDR models, Apeqy, is the beam area in cm?, and my, is the mass of a
hydrogen molecule.

We estimate the relative contributions of column density and emission to the
total 12CO ladder. In order to estimate the relative contribution of emission, we
use the following equation:

13 12
C _ Zi:l COmod,i
o LCOxt

where '2CO,,,04 is the summed flux from the modeled CO transitions from J=1-0
to J=13-12 of a specific PDR model and 12COy0 is the total model flux, defined

(4.5)
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Component || Density log(ng) | log(G) | log(Nco) | log(Ng,) Q[ Ch, Cieo Massﬁ,Hz
log[em ™3] Gy log[em™2] | log[em™2] Mg
Motz 2 x 10° Mg
PDR1 35 2.5 17.1 21.5 1.2 0.11 0.61 2 x 107
PDR1II 5.0 5.0 18.2 21.9 0.06 | 0.32 | 0.39 3 x 108
PDRIII 6.0 6.0 16.7 21.2 0.006 | 0.57 | <0.01 | 6 x 106

Table 4.4: Model parameters for the three molecular gas ISM phases using only PDR heating.
% Q) is the beam filling factor for each ISM phase.

% Cem is the fractional contribution of each ISM phase to the emission, as in Eq. @

¢ Cngo s the fractional contribution of each ISM phase to the column density.

d Massy,,, is the mass of each ISM phase as estimated by the column density using Eq. El]

in Eq. B.2. We use the same method for calculating the contribution of column
density, except we compare the column density of each PDR model to the total
column density.

Three pure PDR models fit the 2CO well, although the mid-] lines are not all
fully reproduced. The 3CO is also very well reproduced. We find an Hy mass of
3 x 10? Mg, which matches the mass estimates from the literature, 1.8-8.6x10°
M, (Sliwa et al] 2012; Sargent et all 1987; Solomon & Sagé 1988). As shown in
Rosenberg et all (2014), HCN is a good tracer of the excitation mechanism since
the relative line ratios of various HCN transitions depend on excitation mecha-
nism, and in the pure PDR fit, the models fail to fit any of the HCN transitions.
Note that the red line for HCN lies far above the observed J=3-2 and 4-3 tran-
sitions. Since we cannot reproduce both the CO and HCN emission with the
same best fit model, this suggests that there is an alternative heating mechanism
responsible for heating the dense gas, which is traced by the HCN. In order to pro-
duce enough CO flux in the high-J transitions, the HCN is overproduced, thus we
need a mechanism which selectively heats the high-] CO without heating as much
HCN.

In addition, the only way to reproduce the flux of the high-] CO lines with a
PDR is with a density of 10% cm ™3 and a radiation flux of 10% Gy, which is an order
of magnitude higher than the most extreme PDRs (i.e. Orion Bar) found in the
Milky Way. In terms of mass, this ISM phase represents about ~ 0.2% of the total
molecular gas mass of Arp 299 A (Table B.4). Since UV photons are even more
efficient in heating the dust than the gas (unlike X-rays, cosmic rays, and mechan-
ical heating), we expect the same percentage of the dust mass to be heated to high
temperatures (>200 K). Using a combination of three gray bodies, we can fit the
SED with a "cool", "warm", and "hot" dust component (see, e.g., Papadopoulos
et al] (2010)) aiming to account for the cold cirrus-type dust, the star formation-
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heated dust, and an AGN-heated dust respectively. We caution the reader on the
simplicity of the physics underlying this kind of modeling and especially for the
emission at mid-infrared wavelengths where dust is primarily not in thermal equi-
librium with the local interstellar radiation field. However this approach provides
reasonable estimates for the average dust temperatures and masses for each com-
ponent. The dust emissivity is a power law, where k, = /fg . We assume a value
of ko = 0.192 m? kg~! at 350 um (Draing 2003) and 3 = 2. The value =2 was
adopted as the most suitable for global dust emission SEDs (e.g.,[Dunne & Eales
(2001)). It has to be noted though that /3 varies within galaxies (see, e.g., [[abatabaei
et al] (2014)). To find the best fit SED our code minimizes the x? function using
the Levenberg-Marquardt algorithm (Bevington & Robinson 1992). Besides the
SPIRE data, which were reduced by us, we used the fluxes presented in |U et al.
(2012). 'The result of the three component fit is shown in Figure f.7 (see the figure
caption for an explanation of the symbols).

'The temperature and mass of each dust component is calculated. We find a
temperature of 29.1+3.5 K for the "cool" component, 60.6+4.9 K for the "warm"
component, and 239.4£22.7 K for the "hot" component. The dust masses are
1.1x10% Mg, 2.9x10% Mg, and 141 Mg, respectively. We find that the "hot"
dust component contains only ~ 1075 of the total dust mass. This is four orders
of magnitude smaller than the 2x 1072 of hot dust expected from a PDR with
the parameters of PDR III (last column of Table f.4). This along with the poor
reproduction of HCN emission shows that the third ISM phase cannot be heated
purely by UV photons.
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453  Additional heating sources
We can explore alternative heating sources to explain the high-] CO and HCN

transitions. We consider cosmic ray heating, X-ray heating, and mechanical heat-
ing (shocks and turbulence) as alternative heating sources. Cosmic rays can also
heat gas in cosmic ray dominated regions (CDRs), which are PDRs with and en-
hanced cosmic ray ionization rate; we employ a typical model for enhanced cosmic
ray ionization rate with (cpr = 750(gq;, 3.75% 10714 s~ 1. Cosmic rays are able
to penetrate into the very centers of molecular clouds, where even X-rays have
trouble reaching and are typically produced by supernovae. Similarly, PDRs with
additional mechanical heating (mPDRs) are due to turbulence in the ISM and may
be driven by supernovae, strong stellar winds, jets, or outflows. We parameterize
the strength of the mechanical heating (I';,ccn) with o, which represents the frac-
tional contribution of mechanical heating in comparison to the total heating at the
surface of a pure PDR (excluding mechanical heating).

At the surface the heating budget is dominated by photoelectric heating. Both
the mPDR and CDR models have the same basic radiative transfer and chem-
istry as the PDR models, with either an enhanced cosmic ray rate or mechanical
heating. In the classical PDR models, the far-UV photons often do not penetrate
far enough to affect the molecular region. Thus, far-UV heating, cosmic ray heat-
ing, and mechanical heating can be varied in such a way that one source might
dominate over the other depending on the depth into the cloud. In the case of an
enhanced cosmic ray ionization rate (CDRs), we increase the heating rate of the
cosmic rays by a factor of 750 compared to the galactic value, used in the classical
PDR models. In the case of an added mechanical heating rate (mPDR), we add
a new heating term to the heating balance of the classical PDR model, which we
vary from 0-100% of the UV heating at the surface of the PDR. We use the names
CDR and mPDR for convenience, to refer to PDR models with specific enhanced
heating terms, yet both have the same classical PDR model base. On the other
hand, X-rays heat gas in regions called X-ray dominated regions (XDRs), where
the chemistry is driven by X-ray photons instead of FUV photons (Meijerink &
Spaang 2003); the X-ray photons are able to penetrate farther into the cloud with-
out efficiently heating the dust at the same time. These X-rays are mostly produced
by active galactic nuclei (AGN) or in areas of extreme massive star formation and
the strength of the X-ray radiation field (Fy) is measured in erg s~ cm™2. To test
which excitation mechanisms are mainly responsible for heating the gas we will fit
three cases.

1. two PDRs one (m)CDR
2. two PDRs one XDR
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3. two PDRs one mPDR

We hold the first PDR and allow only the second and third ISM phases to vary,
since PDR T is well constrained using **CO (Figure f.6). In case 1, we use the term
(m)CDR since we allow the molecular emission to be fit with either a pure CDR or
a CDR with mechanical heating (mCDR). The best fit models are displayed for all
three cases in Figure f.9. We give all model parameters for each case in Table B.5

and we discuss each case in detail below.

Cose |

In this case, the best fit is two PDRs and one mechanically heated CDR (mCDR)
with 25% mechanical heating at the surface. We also tried a fit with one, two, and
three pure CDRs. The case of one CDR is the best of those options, yet has the
same model parameters as the three PDR fits. This suggests that it is still the UV
photons that are heating the gas instead of a strong contribution from the cosmic
rays. In addition, in the case of one pure CDR, the HCN is overproduced by an
order of magnitude, as in the three PDR fit. Thus, we concentrate on the overall
best fit using an enhanced cosmic ray ionization rate and with 25% mechanical
heating. This model is able to fit all *>CO transitions within the error bars. How-
ever, the second and third ISM phases (green and yellow) produce more HCN
luminosity than we observe. The *CO is also poorly fit, overproducing not only
the J=1-0 but also the J=2-1 transition, thus making this an overall poor fit. We
suggest that cosmic rays play an unimportant role in heating the molecular gas in
Arp 299 A, especially since the model needs 25% mechanical heating in order to
fit the high-J CO transitions.

Case 2

The second case that includes X-ray heating is justified by the existence of an AGN
in Arp 299 A that could be heating a molecular torus around the AGN. However,
HCN is very poorly fit. In order for an XDR to produce the high-J CO lines, it
does not produce much emission in the mid-J CO lines. This means that the mid-]J
CO lines must be produced by a powerful and dense PDR that results in bright
HCN emission. Thus, the best fitting XDR model is the one that can reproduce
most of the high-J CO lines while producing minimal HCN emission. This points
to the fact that XDR chemistry is unlikely to be the cause of the observed high-]
CO emission. If it were responsible for the high-] CO emission, the third ISM
phase would be the most massive one. The mass of the XDR phase exceeds the
total measured molecular mass for the entire system, and thus we rule out X-rays
as a significant heating source of the gas.
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Component || Density log(ng) | log(G) | log(Nco) | log(Ng,) | o Qv | Ch Neo memm&mw
log[em ™3] Go log[em™2] | log[em=2] | % Mg

Case 1 zmou“ 3 X HO@ ZQ

PDR1 3.5 2.5 17.1 21.5 0 0.9 0.05 0.19 2 x 10°

PDR1I 45 4.0 18.2 21.9 0 0.3 0.29 0.81 1 x 107

mCDR I 5.0 5.5 17.2 21.0 251 0.006 | 0.66 | < 0.01 | 3x 109
Case 2 znou“ 4 x HO@ ZQ

PDR1 3.5 2.5 17.1 21.5 0 1.2 0.11 0.50 2 x 10°

PDRII 5.0 55 14.9 21.2 0 1.2 0.40 | 0.003 1 x 107

XDR1 5.0 51.0¢ 19.4 23.4 0 | 0.006 | 0.48 | 0.50 1 x 10?
Case 3 znou“ 3 X HO@ ZQ

PDR1 3.5 2.5 17.1 21.5 0 1.2 0.06 0.97 2 x 10°

PDRII 45 45 15.5 21.4 0 0.8 0.07 0.02 1 x 107

mPDR I 4.5 6.0 15.7 19.5 25| 03 |0.87 | <0.01| 6x10°

Table 4.5: Model parameters for the three ISM phases for each of the three cases.
“ 2 is the beam filling factor for each ISM phase.

b Cem is the fractional contribution of each ISM phase to the emission, as in Eq. m

¢ Cngo s the fractional contribution of each ISM phase to the column density.

d Massy,,, is the mass of each ISM phase as estimated by the column density using Eq. @
¢ Units of XDR radiation field (Fx) are [erg s™! cm™?].
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Case 8

Case 3 represents two PDRs and one mechanically heated PDR. This case is the
only case that fits all observed transitions within the error bars. We also attempted
to fit the observed transitions with one, two, and three mPDRs, yet in the case
of two mPDRs, one of them has negligible mechanical heating, and in the case
of three mPDRs there is no reasonable fit. Thus, the situation represents a galaxy
in which most of the gas is heated by UV photons, but a small amount of gas
is heated almost entirely by mechanical heating. This gas could be in pockets of
violent star formation where the stellar winds, jets, and/or supernovae are creating
turbulence that efficiently couples to the gas. The heating rate of the mechanical
heating is 7.9 x 1071? erg s™! em ™2, which represents ~ 4% of the total heating,
reflecting the fact that in this system the mechanical heating is very localized. We
conclude that mechanical heating is the most likely candidate for the additional
heating source in Arp 299 A.

This result is similar to what was found in NGC 253 (Rosenberg et al] 2014;
Hailey-Dunsheath et al] 2008), where mechanical heating is needed as an addi-
tional heating mechanism. However, in NGC 253, the system requires mechanical
heating in all three ISM phases to reproduce the extremely bright CO emission.
Since Arp 299 A only needs mechanical heating to explain the third, most ex-
treme, ISM phase, this lends itself to isolated and localized mechanical heating
deriving from either supernova remnants or extreme star formation regions with
powerful winds. The nuclear region of NGC 253 on the other hand, has universally
bright CO lines, meaning the mechanical heating must be distributed throughout
the galactic nucleus, perhaps coming from the massive molecular outflow (Bolattd
et all 2013; [[urner & Ho 1989)). In addition, although the far-infrared luminosity
in Arp 299 is about an order of magnitude higher than in NGC 253, we see much
brighter cooling lines in NGC 253. 'This is most likely due to a distance effect.
With SPIRE's beam size, in NGC 253 we observe only the nuclear region, while
in Arp 299 A we observe the nucleus and surrounding disk. Thus the extreme envi-
ronment of the galactic nucleus is averaged out with the less luminous disk regions

in Arp 299.

454 Molecular gos mass

We can estimate the mass of each molecular gas ISM phase as well as the total
molecular gas mass for each case using Equation f.4. We find a total molecular
mass equal to 3 x 109 Mg, regardless of excitation mechanism, which is in good
agreement with the literature values. In addition, using the dust mass of 1.1x10%
Mg, we find a gas to dust ratio of ~ 30. The first ISM phase is well constrained in
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all cases; the mass is 2 x 107 M, making it the most massive component in most
cases. The second ISM phase is also well constrained with a mass of 1 x 10° M.
The third ISM phases' mass is not as well constrained, yet it is the least massive
component in most cases, ranging from 3 — 6 x 10% M, except in the case of the
XDR, where this phase is more massive, 1 x 109 M.

'The fact that the mass is so well constrained underlines the importance of ob-
serving even just two >CO transitions. We also see the strength of including HCN
measurements to constrain both the high density ISM phase, and the excitation
mechanism. Further, these results agree with those from Rosenberg et al] (2014)
that mechanical heating plays an important role in understanding the molecular
line emission, even though UV heating is still the most dominant heating source.

46  Limitations and usefulness of the 12C0O ladder

Herschel SPIRE gave access to the full CO ladder ranging from J=4-3 to J=13-12,
in the nearby universe. With Herschel PACS, higher ] lines could also be ob-
served. Before Herschel, it was thought that observing the flux of CO transitions
greater than J=10 would break the degeneracy between UV excitation and X-ray
excitation. However, now that the wealth of observations from the Herschel Space
Observatory are available, access to the full CO ladder does not necessarily break
this degeneracy. In fact, the information that can be extracted from observations
of only 2CO is very limited.

Qualitatively, bright 12CO emission indicates the presence of warm molecular
gas. However, without any other information, the source of heating, the amount
(mass) of heated gas, and the precise density and temperature cannot be deter-
mined. It is possible, however, to extract the turnover point of the 12CO. If the
turnover point is in the low to mid-]J transitions (from J=1-0 to J=6-5), as seen

in Arp 299 B+C, the gas is most likely heated by UV photons in PDRs. If the
turnover is higher than that, it can be either an extreme PDR (ngy > 10° cm™3,
G > 10° Gy), X-rays, cosmic rays, or mechanical heating that may be responsible.
'This is demonstrated fitting a pure PDR model to the high-J CO lines, and is clear
in the degeneracy parameter space diagrams shown in Figure 3 by Rosenberg et al
(2014).

For metal-rich extragalactic sources, the 2CO ladder represents all the molec-
ular clouds in the galaxy, spanning a range of physical environments. Therefore,
multiple ISM phases are necessary to fit the ladder. These ISM phases represent
many clouds with similar physical properties. In addition, with just transitions
of 12CQO, you can determine distinct density-temperature combinations for each
phase. In general, the low-] CO lines are from a lower density, lower tempera-
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ture ISM phase, but the density-temperature combination is highly degenerate.
'The mid-] CO transitions arise from a warm and medium density phase, and the
high-J transitions from a high density, high temperature phase.

If multiple transitions of '3CO are added, then the beam averaged optical
depth, and thus column density, are constrained. This allows for a better con-
strained mass estimate. It also helps lessen the temperature-density degeneracy,
but does not break it. In order to break this degeneracy, other molecules must be
added. For example, HCN, HNC, and HCO™ are good tracers of density for high
density environments. For lower density regimes, [CI] can be a good probe of the
gas temperature, yet it is very difficult to interpret, since we cannot disentangle dif-
ferent emitting regions within our beam. To summarize, if bright >?CO emission
is observed, there is warm gas. Yet in order to probe the physical parameters of that
gas, other molecular information is crucial. Some of these molecules do not always
originate from the same spatial location as the 12CO and may be tracing a different
gas component altogether. Interpreting 2CO is not trivial and the analysis should
be performed with an understanding of the challenges and limitations.

Many Herschel SPIRE CO ladders have been obtained from luminous in-
frared galaxies, and they all require some additional heating mechanism to explain
the high-J] CO emission. For example in Arp 220, Rangwala et al] (2011) find that
PDRs, XDRs, and CDRs can be ruled out, while the mechanical energy available
in this galaxy is sufficient to heat the gas. Similarly, Meijerink et al] (2013) find
strong evidence for shock heating in NGC 6240. On the other hand, Spinoglio
et al] (2012) and van der Wert et al] (20104) find in NGC 1068 and Mrk 231
respectively, that it is likely XDR heating responsible for the high excitation CO
lines. Although both of these sources have confirmed AGN, the CO ladder fit-
ting was not combined with a dense gas tracer (HCN/HNC/HCO™), and thus
mechanical heating cannot be directly ruled out. The picture emerging from the
SPIRE CO-ladders is that in these extreme star forming galaxies, the gas is rarely
heated by only UV photons and that in most cases, the molecular gas is heated
through either X-rays or mechanical heating.

4.7  Conclusions

We observed Arp 299 with Herschel PACS and SPIRE in both the spectrometer
and photometer mode. The Herschel SPIRE FTS observations had three separate
pointings, namely towards Arp 299 A, B and C. The pointings of Arp 299 B and
C are overlapping so it is difficult to separate the emission from each nucleus. We
extract the line fluxes of the CO transitions, [CI], [NII], and bright HyO lines
for Arp 299 A, B, and C separately. We also measure the continuum fluxes from
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SPIRE photometer mode at 250, 350, and 500 pm. With PACS, we detect CO
transitions from J=14-13 to 20-19 and upper limits up to J=28-27. Using these
data, we find:

1. A simple quantitative comparison of the spectra of Arp 299 A with B and
C shows that the environment of source A is much more excited, with more
warm molecular gas.

2. Using the full range of CO transitions we construct CO excitation ladders
for each of the three pointings. Again, the CO ladders reveal a clear disparity
between Arp 299 A and B+C; source A displays a flattened ladder, while
B+C turns over around J=5-4.

3. Since we have high-J 12CO PACS observations along with *CO and HCN
JCMT observations of Arp 299 A, we perform an automated x> minimized
fitting routine to fit the CO and HCN ladders with three ISM components.
We find a suitable fit for "2CO and '*CO but not for HCN. In addition, the
third ISM phase would then be a truly extreme PDR, an order of magnitude

more extreme than Orion Bar.

4. We create an infrared SED using values from the literature along with PACS
and SPIRE continuum measurements. We fit this SED with three gray bod-
ies and determine the temperature and mass of each dust component (cold,
warm, and hot). We do not observe enough hot dust to match the amount
of hot dust that would then be produced by the extreme PDR, in the case
of a fit by three pure PDRs. Thus, we conclude that the flattening of the
CO ladder, and extra excitation of the *?CO in Arp 299 A in comparison
to B+C, is due to an additional heating mechanism.

5. We allow the third ISM phase (high density, high excitation) to have ad-
ditional heating by cosmic rays, mechanical heating, and X-rays. We find
mechanical heating to be the most likely additional heating source since it
fits all transitions within the errors. As the best fit model requires mechani-
cal heating only in the third component, this suggests that for Arp 299A the
mechanical heating is localized, likely to come from supernovae remnants
or pockets of intense star formation.

6. We caution the use of 12CO alone as a tracer of the physical conditions of
the ISM. We find that 2CO reveals only the presence of warm molecular
gas, but that the amount, physical properties, and heating source cannot be
determined without observations of other molecules.
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> [Fell] as a tracer of supernova
rate In Nearby starburst galaxies

Supernovae play an integral role in the feedback of processed material into the ISM of
galaxies making them responsible for much of the chemical enrichment of the universe.
'The rate of supernovae can also reveal star formation histories. These rates are usually mea-
sured through the nonthermal radio continuum luminosity; however, a correlation between
near-infrared [Fell] emission and supernova remnants has also been noted. We aim to find
a quantitative relationship between the [Fell] at 1.26 pm ([Fell]; 26) luminosity and the
supernova rate in a sample of 11 nearby starburst galaxy centers. We performed a pixel-
pixel analysis of this correlation on SINFONI data cubes. Using Bry equivalent width
and luminosity as the only observational inputs into the Starburst 99 model, we derived
the supernova rate at each pixel and have thus created maps of supernova rates. We then
compared these morphologically and quantitatively to the [Fell]; 26 luminosity. We have
found that a strong linear and morphological correlation exists between supernova rate and
[Fell]; 26 on a pixel-to-pixel basis. This relation is valid for normal star-forming galaxies
but breaks down for extreme ultraluminous galaxies. The supernova rates derived from the
Starburst 99 model are in good agreement with the radio derived supernova rates, which
underlines the strength of using [Fell] emission as a tracer of supernova rate. With the
strong correlation found in this sample of galaxies, we conclude that [FelI]; 26 emission
can generally be used to derive accurate supernova rates on either a pixel-pixel or integrated
galactic basis. U

M. J. F. Rosenberg, P. P. van der Werf, and F. P. Israel
A4 540, A116

'Coauthors contributed helpful discussion and comments about text and figures.
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5] Introduction

Supernova rates (SNrates) are typically estimated by the integrated nonthermal
radio continuum emission from their remnants (Condon 1992, and references
therein). The connection between radio continuum emission and SNrate comes
from the tight infrared-radio relation that is usually interpreted to be a natural
consequence of (massive) star formation and stellar evolution (Condor 1992, and
references therein). Observations of nearby starburst galaxies show many compact
radio sources, generally attributed to supernova remnants (SNR). Condon & Yin
(1990) use observations of SNR in our own galaxy to establish a relation between
the nonthermal radio continuum and SNrate. Huang et all (1994) find a similar
relation using observations of compact radio sources in M82.

In addition, near-infrared (NIR) observations of SNR often show strong [FelI]
emission line flux at 1.257 and 1.644 um coincident with the radio peak (Graham
et all 1987, 1990; Oliva et al] 1989, 1990). In interstellar space, iron atoms are
typically locked in dust grains. However, shock fronts associated with SNRs cause
efficient grain destruction through thermal sputtering. This releases the iron into
the gas phase where it is singly ionized by the interstellar radiation field. In the
extended post-shock region, [Fell] is excited by electron collisions ([Mouri et al:
2000), making it a strong diagnostic line for tracing shocks. Since [Fell] is com-
monly associated with SNRs, the [Fell]/Bry line intensity ratio is often used to
estimate the abundance of SNRs relative to current star formation. The Shull &
Draind (1987) shock models of [Fell]/HS imply an [Fell]/Bry ratio of 20-70
(Moorwood & Olivd 1988), which is in good agreement with SNR observations
(Graham et all 1987; Moorwood et all 1988). Since the [Fell] emission lifetime of
an SNR is approximately 10* years (Oliva et al] 1989), the [FelI] luminosity should
also be a strong tracer of the SNrate. Qualitatively, the connection between [Fell]
emission and supernova activity is supported by a wealth of galactic and extra-
galactic NIR spectroscopy (Moorwood et all 1988; Greenhouse et all 1991}; Vanzi
& Riekd 1997) and high-resolution imaging (Forbes et all 1993; (Greenhouse et al
1997; [Alonso-Herrero et al] 2000), which both demonstrate that [Fell] emission
often coincides with known radio SNRs and may indeed provide at least a relative
measure of SNrate.

However, the quantitative connection between NIR [Fell] emission and su-
pernovae has proved to be more complex, so a better understanding of the un-
derlying physics is necessary. Radio continuum and [Fell] emission do not al-
ways correspond, even in a specific SNR. For instance, Greenhouse et al] (1997)
find that there is little correlation between the radio continuum and [Fell] line
emission in radio-loud SNRs in M82 and suggest that the SNR emission char-
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acteristics change as a function of age. In addition, [Alonso-Herrero et al] (2003)
obtained high-resolution HST [Fell] images of M82 and NGC 253 and find com-
pact [Fell] emission in only 30-50% of radio all SNRs. They note that up to 73-
78% of the [Fell] flux is actually diffuse emission and does not originate in the
discrete radio SNR, which makes it more difficult to interpret the connection be-
tween SNR and [Fell] emission. Vermaas & van der Werf (in preparation) argue
that the absence of [PII] line emission at 1.19 pm implies that [Fell] emission
is the outcome of grain destruction by strong shocks. This diagnostic allows the
determination of the excitation mechanism of [Fell]. Vermaas & van der Werf (in
preparation) find in M83 that, although the [Fell] is diffuse, the distinct lack of
[PII] indicates that this emission is nevertheless the consequence of grain destruc-
tion by evolved SNRs that have lost their individual identities.

Van der Werf et al] (1993), Calzetti (1997) and [Vanzi & Riekd (1997) have at-
tempted to correlate SNrates to [Fell] emission by finding a relationship between
the nonthermal radio continuum and [FelI] flux and using a conversion factor to
derive an SNrate. [Van der Werf et al! (1993) uses 6 cm radio fluxes of NGC 6240
from [Eales et al] (T990) to estimate SNrates with the conversion factor from Con
don & Yin (1990), which was based on galactic SNR observations. Calzetti (1997)
adapted the relation from [Van der Wert et al] (1993) to [Fell]; 6. Vanzi & Kieke
(1997) demonstrated that in blue dwarf galaxies, all of the [Fell] emission is plausi-
bly accounted for by SNRs and presented a relationship between [Fell] luminosity
and SNrates based on the M82 calibration. They also found a relationship between
[Fell] and age, assuming that most of the [Fell] derives from SNREs.

Thus far, there has been little agreement between the radio continuum and
[FelI] line emission in terms of determining SNrates. However, such a relation-
ship is desirable because it allows us to use relatively straightforward NIR [Fell]
observations to estimate SNrates whenever individual radio SNRs cannot be re-
solved. In this paper, we will show that a well determined relationship between
[Fell] and SNrate exists, and explore and constrain it in a sample of eleven central
regions of nearby starburst galaxies.

First, we will briefly introduce the galaxies in our sample in Section 5.2 and
outline the observational parameters in Section p.3. The results are discussed in
Section p.4, which also displays the spectra, Bry, [Fell], and Hy line-maps and
continuum maps. In Section p.5 we explain the methods used in the analysis, and
in Section p.f we present our analysis of the [Fell]-SNrate connection. Section
explores the dependency of our results on the star formation history of the galaxy
and Section p.§ compares the SNrates derived from the Starburst 99 model to
the more classical radio continuum derived SNrates. Finally, our conclusions are

highlighted in Section 5.9.
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Galaxy RA® DEC¢ Morph.? Activity ¢ Dist.? =z il log LY./
J2000 J2000 J2000 [Mpc] | [kms™'] | [°] [Lo]
NGC 3628 | 11h20m17.0s | +13d35m23s | Sb pec edge-on | HII LINER | 12.8 847+2 | 79.29 10.14
NGC 4536 | 12h34m27.0s | +02d11m17s SAB(rs)bc HII Sbrst 154 1802+3 | 58.9 10.17
NGC 1792 | 05h05m14.4s | -37d58m51s SA(rs)be HII 13.2 | 121045 | 62.78 10.22
NGC 1084 | 02h45m59.9s | -07d34m42s SA(s)c HII 16.6 | 1409+4 46 10.42
NGC 1808 | 05h07m42.3s | -37d30m47s (R)SAB(s)a HII 12.3 | 1001+4 | 83.87 10.55
NGC 520 | 01h24m35.1s | +03d47m33s pec Merger Sbrst | 30.5 216244 | 77.49 10.81
NGC 7552 | 23h16m10.8s | -42d35m05s (R')SB(s)ab HIILINER | 22.5 | 161146 | 23.65 11.03
NGC 7632 | 23h22m00.9s | -42d28m50s (R")SB(s)0° HII 19.3 | 1535415 | 82.44 | 11.43"
NGC 1614 | 04h33m59.8s | -08d34m44s SB(s)c pec Sbrst 64.2 | 4778+6 | 41.79 11.43
NGC 6240 | 16h52m58.9s | +02d24m03s S0-a LINER 108.8 | 7242445 | 73.0 11.73
Arp 220 15h34m57.1s | +23d30m11s Sd LINER Sy2 | 829 | 542046 57 12.50

Table 5.1: Summary of galaxy parameters.

¢ Coordinates of galactic nucleus from NED.

® NED

¢ Corwin et al] (1994)

4 NED Hubble Flow Distance (Virgo + GA + Shapley where Hy = 73.0 & 5 km/sec/Mpc)
for NGC 520, NGC 7552, NGC 1614, NGC 6240 and Arp 220, metric distances for the rest.
¢ Heliocentric radial velocity (cz) from radio measurement from Prugniel et al] (1998) except
for NGC 7632 which is from optical measurements.

 Inclination measured from Prugniel et al| (1998)

9 Lprr from Sanders et al! (2003)

h Lrr for NGC 7632 from Yuan et all (2010)

5.2 Somple

We have selected eleven bright nearby starburst galaxies at distances ranging from
10-100 Mpc (see Table B.1)). All are spiral galaxies with types ranging from SOa
to Sd, with the exception of NGC 520, which is a merging galaxy. Two of the
galaxies in our sample are seen edge-on, NGC 520 and NGC 3628. Far-infrared
luminosities range from 1.4 x 101°Lg to 3.2 x 10'2Lg, where Arp 220 with
L > 10" L must be classified as an ultra luminous infrared galaxy (ULIRG),
and NGC 6240, NGC 1614 and NGC 7552, all with L > 10! L, are luminous
infrared galaxies (LIRGs). Our sample does not contain galaxies with a dominant
active nucleus, but it does have four low ionization nuclear emission line region

(LINER) galaxies and one weak Seyfert 2 (Sy2) nucleus.

521 NGC 3628

NGC 3628 is a nearby (~ 12.8 Mpc) HII LINER galaxy. It is of morphological
type Sb pec and is seen edge-on. Although this galaxy's nucleus is dominated by
a central starburst, it may also be host to a small AGN (Gonzalez-Martin et al!
2006, Roberts et al] 2001)). NGC 3628 is a member of the Leo triplet, a group of
3 closely interacting galaxies. Observations of the HI disk reveal a very disturbed
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distribution, pointing to the interaction between NGC 3628 and its nearby com-
panion NGC 3627 (Rots 1978; Haynes et all 1979). Radio observations show an
extended radio core of 350 x 60 pc with a predominately nonthermal spectrum
(Hummel 1980; Condon et al] 1982; Reuter et al] 1997). Its inner kiloparsec is
dominated by a significant concentration of molecular gas (Lsrae] 2009).

522 NGC 4536

NGC 4536 is a late type HII/Starburst galaxy that shows [Ne V] line emission,
which may indicate that the nucleus harbors a weak AGN (Hughes et al] 2005)).
Previous observations indicate vigorous star formation in the central nuclear re-
gion, shown through Bry emission (Puxley et al] 1988). The diftuse radio emission
with three central peaks (Vila et al] 1990; [Laine et al] 2006) may indicate that this
occurs in a ring around the nucleus. There are two ultraluminous X-ray sources,
one of which is located in the core of the galaxy and possibly associated with the
weak AGN (Liu & Bregman 2005).

523 NGC 1792

NGC 1792 is in a strongly interacting galaxy group with the dominant galaxy
NGC 1808. NGC 1792 has surprisingly high luminosities, comparable to those
of its more massive partner NGC 1808, at many different wavelengths (Dahlem
et all 1994). Upon closer inspection, [Dahlem et al] (1994) found a strongly asym-
metric star formation distribution caused by the external trigger of gravitational

interactions with NGC 1808.

524 NGC 1084

NGC 1084 is a HII driven Sa(s)c galaxy located ~ 16.6 Mpc away. More recently,
this galaxy has been classified as an Sbc and Sb based on its B and H band images,
respectively (Eskridge et al] 2002). The H band image reveals a bright nucleus with
an elongated bulge. Many weakly defined spiral arms were detected along with
many bright knots. NGC 1084 was mapped at 1.49 GHz by Condon (1987), who
detected a strong continuum source to the south of the nucleus. Ramya et al] (2007)
derived a star formation rate of 2.8 M, yr—! along with chaotic star formation that
is not necessarily confined to the spiral arms. The northern and southern regions
of the galaxy have different star formation rates and typical ages. The north is
characterized by a series of short bursts happening intermittently over the past
40 Myr, possibly due to an interaction with a gas rich galaxy (Ramya et al] 2007).
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'The southern half of the galaxy is home to much younger stars, < 4 Myr (Ramya
et al] 2007).

525 NGC 1808

NGC 1808 is the most massive member of a small group of galaxies. The galactic
center has a superwind, compact radio sources, and a molecular ring (Kotilainen
et all 1996). Veron-Cetty & Veron (1985) first suspected that NGC 1808 has a
faint Seyfert nucleus. This has since been refuted by many (Forbes et al] 1992;
Phillips 1993; Krabbe et al] 1994), yet there is recent hard X-ray evidence to sup-
port the Seyfert nucleus (Awaki & Koyama 1993).

526 NGC 520

Using long slit optical photometry and near-infrared imaging, Stanford & Balcells
(1990) uncovered two separate nuclei in NGC 520, establishing this as a galaxy in
the process of merging. Stanford & Balcells (1991) went on to determine that
NGC 520 is most likely the result of a galaxy collision of a gas rich and a gas poor
galaxy that happened ~ 3 x 10® years ago. A thick dust lane at PA=95° completely
obscures the primary nucleus at optical wavelengths, but the secondary nucleus is
visible to the northwest of the primary. There are strong plumes of ionised gas,
thought to represent a bipolar outflow away from the starburst dominated nucleus
(Norman et al] 1996).

527 NGC 7552

NGC 7552 is a LIRG HII galaxy and host to a weak LINER. This galaxy has a
starburst ring surrounding the nucleus. It does not appear to be overly disturbed,
which suggests a slow bar mediated star formation evolution. Due to the quiescent
nature of the nucleus, NGC 7552 provides a near perfect environment to study
the bar and starburst ring around it. In addition to the bar, there are two dominant
spiral arms and two weaker rings at radii of 1.9 and 3.4 kpc (Feinstein et all 1990).
Forbes et al] (1994H) found an inner ring with a radius of 1 kpc in the radio, which
is not visible in the NIR continuum but is visible in NIR color maps and Bry
emission. The dominant circumnuclear ring is at a distance of 850 pc from the
center of the nucleus and the spiral arms provide a flow of molecular gas into this
region (Schinnerer et al] 1997).
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528 NGC /632

NGC 7632 is a member of a loose galaxy group, containing multiple galaxies. This
is a ring galaxy, which is observed to be distorted and bent towards the other group
members (Arp 1981). The interacting galaxies located south of the NGC 7632 also

appear strongly distorted with much absorbing material (Arp 1981).

529 NGC 1614

NGC 1614 is a SB(s)c peculiar LIRG with both LINER and starburst activity.
Although only one NIR peak has been observed, Neft et al] (1990) considered the
tidal tails or plumes to be evidence that NGC 1614 is the result of a merger of at
least two galaxies. A central nucleus of 45 pc is surrounded by a 600 pc diameter
ring of current star formation (Alonso-Herrero et all 2001). The Bry emission
reveals a double peaked morphology (Kotilainen et al] 2001), in agreement with the
radio continuum (Condon et al] 1982). Further studies of NGC 1614 by Olsson
et al] (2010) found the molecular gas distribution double peaked at R = 300 pc with
an additional weaker peak in the center of the nucleus. A radio continuum ring is
also found at R = 300 pc which is triple peaked, each consistent with the brightness
temperature of SNR. Olsson et al] (2010) concludes that the LINER spectrum is
due to shocks associated with supernovae and therefore most likely caused by star
formation and not AGN activity.

5210 NGC 6240

NGC 6240 just falls short of being a traditional ULIRG with a luminosity of
Lg = 102 L, but otherwise has all the characteristics of the class. The extended
tidal tails seen in the optical indicate a merger. NGC 6240 hosts a double nucleus
separated by 1.5" & 0.1" as seen in ground based observations in the optical (Schulz
et all 1993) and near-infrared (Doyon et all 1994), yet a separation of 2" £+ 0.15"
as measured in [Fell]; g4 pm (Van der Werf et al] 1993) and radio observations
(Carral et al] 1990; [Eales et al] 1990; Beswick et all 2007). The high infrared lu-
minosity is partially due to the powerful nuclear starburst and partially to an AGN
continuum (Genzel et al] 1999).

5211 Arp 220

'The ULIRG Arp 220 emits 99% of its bolometric luminosity in the infrared (Soifer
et al] 1984; Emerson et al] 1984). Arp 220 is a very gas rich galaxy, with the highest
density component in the nucleus, with a molecular gas density up to ~ 10~ 8cm ™3

(Rangwala et all 2011)). This high IR luminosity and intense starburst activity



100 [Fell] as a tracer of supernova rate in nearby starburst galaxies

points to a merger, supported by the existence of two nuclei, separated by ~ 1”
(Scoville et al] 1997). Arp 220 has an extremely high extinction, with estimates
running from A, ~ 50 to 1000 (Sturm et al] 1996; Downes & Solomon 1998).
Smith et al] (I998) resolve the radio nucleus of Arp 220 and find many radio point
sources, which they identify as SNRs. They deduce a star formation rate of 50-100
Mg, yr—! and a corresponding SNrate of 1.75-3.5 yr—1.

53 Observations

Observations of the sample galaxies were made with the Spectrograph for INtegral
Field Observations in the Near-Infrared (SINFONI) at the VLT. SINFONI pro-
vides spatial and spectral data in the form of data cubes in J, H, and K bands. The
SINFONI instrument is mounted at the Cassegrain focus of the Unit Telescope 4
at the Very Large Telescope (VLT).

We took observations in all three J, H, and K bands using a spatial pixel scale
of 0.25" corresponding to a field of view of 8"x8" and a spectral resolution of
2000, 3000 and 4000 respectively, between October, 2006 and March, 2007. All
science observations were taken in the ABA'nodding mode (300s of object 300s
of sky 300s of object), where A' is slightly offset from A. The object exposures are
averaged during the reconstruction of the data cube.

We extracted additional observations from the SINFONI archive
(http://archive.eso.org/wdb/wdb/eso/sinfoni/form). These observations include five
galaxies, Arp 220, NGC 1614, NGC 1808, NGC 6240 and NGC 7552. As selec-
tion criteria we required the galaxies to be bright and nearby, and to have archival
observations in the 0.25" spatial resolution mode in all three bands and 300s inte-
gration times.

We used the standard reduction techniques of the SINFONI pipeline on all
observations. including corrections for flat field, dark current, nonlinearity of pix-
els, distortion, and wavelength calibration. We obtained the flux calibration and
atmospheric corrections from observations of a standard star. Finally, we calibrated
the continuum fluxes to match the published 2MASS observations in the same
aperture, and we determined a **flux correction factor" for each galaxy in each ob-
served band, and we applied these correction factors to the line intensities as well.
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54 Results

541 Spectra

We show the spectra of each galaxy center integrated over a high signal-to-noise
region in the J (Figure p.1)), H (Figure p.2) and K bands (Figure p.3). The actual
spatial area over which the spectra were integrated is overplotted in the K band
images in Figure p.4 and p.5. We have focused on non-nuclear regions to illustrate
the spectral signature of the extended emission. The dominant emission lines in
each band are marked with dotted lines, notably [Fell]; 26 and Paj in the ] band,
Fell; 64 in the H band and Bry, Hels o5, and multiple Hj lines in the K band.

542 Continuum and Linemaps

'The SINFONI datacubes allow us to construct J, H and K continuum maps as well
as linemaps for each of the emission lines detected in these bands. These emission
lines provide important diagnostics to trace specific physical processes. The Paj
(1.282 pm) and Bry (2.166 pm) HI lines trace massive, young star formation.
The [Fell] emission lines, which emit most strongly at 1.257 and 1.644 um, are
commonly used as tracers of strong shocks associated with supernova remnants,
nuclear winds, or jets. There is also a wealth of ro-vibrational Hj lines throughout
the H, and K bands, the brightest of which occur at rest wavelengths of 2.122
pm (1-0 S(1)), 2.248 um (2-1 S(1)), and 2.034 pm (1-0 S(2)). Hy can be excited
by UV florescence from massive stars, or thermally by shocks from supernovae or
stellar winds. The relative intensities of the various Hs lines indicates which of
these physical processes is exciting the gas.

In Figure p.4 and Figure p.3 we present the K band continuum, Br, [Fell]; 26
and Hy 5 12 line maps for each of the galaxies in our sample. The continuum maps
were created by finding the average continuum level at each pixel, excluding any
emission lines. The linemaps were created using QFitsView and DPUSER's eval-
uated velocity map function *“evalvelmap", developed by the Max Planck Institute
for Extraterrestrial Physics and available at http://www.mpe.mpg.de/ ott/QFitsView/.
This function fits a gaussian profile to the emission line at each pixel.

'The first galaxy in Figure 5.4 is the edge-on NGC 3628, which has a strong
central dust lane running from east to west. This is best seen by comparing the Bry
and [Fell] maps. Since K-band Bry emission is at a longer wavelength, it is less
prone to extinction and the morphology resembles that of the K band continuum,
with an additional emission peak at the western edge of the galaxy. The J-band
[Fell] emission is at a shorter wavelength and is more affected by the dust lane. It
shows an asymmetric hour glass morphology, with the brightest regions above the
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Figure 5.1: Spatially integrated rest frame spectra from the nucleus of each galaxy in the
J band. The spatial area used in the integration is shown in Figure and by a black
rectangle. Each spectrum is integrated over an 8x8 pixel area. [Fell]1.26 and Pag emission lines
are denoted by dashed lines and marked along the top of the figure. The broad feature near
1.25 pum in the Arp 220 spectra is an atmospheric artifact along with the narrow absorption
features in NGC 520, and the numerous broad peaks between 1.2-1.24 and 1.29-1.32 um in
the NGC 3628, NGC 1792 and NGC 1084 spectra.
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Figure 5.2: Spatially integrated rest frame spectra from the nucleus of each_galaxy in the

H band. The spatial area used in the integration is shown in Figure

and by a black

rectangle. Each spectrum is integrated over an 8x8 pixel area. The [Fell]1.¢4 emission line is
denoted by a dashed line and marked along the top of the figure. Several spectra are degraded
by residual atmospheric OH features.



104 [Fell] as a tracer of supernova rate in nearby starburst galaxies

" NGC 3628
78 1o S s B L BB B L L
axige  |HziHel Hy By o H, E
PSR L LA LA B A AR A Rt ]

NGC 4536
%10 R T T T
-2l | \ \ 3
zx‘o":lh‘l A N |
oty T T T T T T e e,

NGC 1792
T T o e T R AL B oo e e o
5x107F ks | W O E
S I A R AR AN s st vt andiE

o NGC 1084
| 1x|0'“:‘ T \k\ LA B sy B S B B \l‘\ L e
LisE ety bt " | L =
g 5x1077F o L ouaman e LV
[+ =S U A H BRI P S DU

o~ NGC 1808
| 7’5,‘")-'2:\ T \‘\ T ‘ T T \‘ T \‘\ T \‘\ L L L
2.5)(10"’;* ‘ ‘ A‘ “ | Wi
-25%x10°"E. . e e 0

N NGC 520
o Ax10™ T ]
IR B \ \ 3
o wottE N E
6 ot e e T et e ]

N NGC 7552
. 4,(,0--27‘HHHH‘HHHI‘H_HHHH —
~12 \ 3
= 2x10 “: "'1l |' ir ‘ Lo s ]
g 0] S I I N AN R P Y DA

) NGC 7632
o 4107 T T T
P S T O W E
5 [+ S S Y E BT P R P SR s et

L NGC 1614
4x‘o"’:\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\:
0 | .
ot N b e T

NGC 6240
2X|O"2“‘““"\‘“"““\““““‘\““““‘

1x10-%2 | \ \
[ NN A I I I i A S et

Arp 220
4%10™ T T e ]
210l Al |_A TA_J'L._L_J ~ E
) SV IR R N AU P R PR e ST
2.0 21 2.2 2.3 24

Rest Wavelength (um)

Figure 5.3: Spatially integrated rest frame spectra from each galaxy in the K band. The
spatial area used in the integration is shown in Figure and by a black rectangle. Each
spectrum is integrated over an 8x8 pixel area. Bry, Hz, and Hel2.o¢ emission lines are denoted
by dashed lines and marked along the top of the figure. Residual atmospheric contamination
is present in the form of narrow peaks in the spectra of NGC 1614 and Arp 220 and as sharp
absorption features in the spectra of NGC 3628 and NGC 7552.
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K Band Continnum

Figure 5.4: K band continuum
map, Bry, [Felll1.26, and H22.12
line maps of NGC 7632, NGC 3628,
NGC 4536, NGC 1792, and NGC
1084. The pixel scale is given by
the 2" scale bar in the K band col-
umn. The black rectangle marks
the areas over _which the spectra
in Figures p.1), and were in-
tegrated. In all figures, north is up.

K band nucleus. The Hy emission is similar to the Bry emission, but it has more
diftuse morphology with strong emission throughout the very central region.

NGC 4536 reveals a star forming ring best seen in Bry and [Fell] emission.
'The Hy emission is concentrated at the K band continuum peak, with extended
diffuse emission throughout the ring. Both Bry and [Fell] peak in the northwest
corner of the galaxy but their peaks do not coincide.

NGC 1792 has a K-band continuum morphology similar to that of NGC
4536, but the line emission is much weaker in this galaxy. The low signal-to-noise
ratios prevent us from identifying any real structure. However, in the Bry map a
small peak occurs at the K band continuum maximum, with structures suggesting
spiral arms emanating from the nucleus. Although both Hy and [Fell] emission
peaks at the end of these ““arms", the actual [Fell] fluxes hardly exceed the noise
level. The Hy has a higher signal-to-noise than the other emission lines and there
are is distinct Hy peaks emission in the nuclear region.

In NGC 1084, all three emission lines appear to peak on the K-band contin-
uum maximum. The Bry and Hy maps show a somewhat similar distribution, with
extended diffuse emission along the major axis line, and a weak secondary peak to
the north. The [Fell] map shows a single central maximum surrounded by weak
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Figure 5.5: K band continuum map, Bry,
[Fell]1.26, and Haz2.12 line maps of NGC
1808, NGC 520, NGC 7552, NGC 1614,
NGC 6240 and Arp 220. The pixel scale is
given by the 2" scale bar in the K band
column. The black rectangle represents the
area over which the spectra in Figures ,

and were integrated. In all figures,
north is up.

NGG 6240

#rp 220

diffuse emission.

NGC 1808 also has a star-formation ring, weakly seen in both the Bry and
[Fell] maps and a few local maxima also seen in the Hy map. The ring appears to
be very asymmetric, with relative bright fluxes at the eastern edge and almost no
emission from the western edge. The Hy emission is distributed more symmetri-

cally around the K band peak.
In Figure p.5, we first examine NGC 520, another nearly edge-on galaxy that

also hosts a dense dust lane running east to west. The Bry morphology is very
asymmetric, peaking to the west of the K-band continuum maximum. The Hj
emission peaks at the same location as the Brv, but has a secondary peak east of
the K-band center. The [Fell] emission suffers from extinction by the dust lane
and only weak [FelI] emission is seen to the southwest of the galaxy mid plane.

NGC 7552 is a face-on galaxy with a very clear star-formation ring around
the nucleus. The Bry emission shows a pronounced minimum in the center, but
clear individual maxima in the ring. Unlike Forbes et all (19944), who found the
Hy morphology to match that of the K band continuum, we find the distributions
of the Hy and the Bry emission to be very similar, with an arm or bar-like struc-
ture extending from the northern Bry peaks. The [Fell] emission is different: it
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shows roughly the same ring-like shape, but with emission peaks in very different
positions.

NGC 7632 reveals an asymmetric ring in Bry emission. The emission is much
stronger on the east side of the galaxy in both Bry and [Fell] emission. The east
side is in the direction of the other group members (Arp 1981). The distortion and
asymmetry is most likely evidence of the tidal interaction with its partner galaxies.

NGC 1614 has a very compact and radially symmetric morphology in the K
band, Bry and Hy emission lines. However, the [Fell] emission shows a crescent
morphology around the nucleus.

The double nucleus of NGC 6240 is evident in the K band continuum and
the Bry line images. Less clearly, the double nucleus also shows up in the Hy and
[Fell] images that reveal a more complex morphology. In all images, strongest
emission coincides with southern nucleus.

Arp 220 is another compact galaxy that appears fairly symmetric in the K band
and all the emission line maps. The peak is slightly off center towards the western
side of the galaxy and there are two separate peaks in the [Fell] emission.

55 Methods

To further study the correlation between [Fell] emission and SNrate, we have per-
formed a pixel by pixel analysis. We evaluated the continuum flux, emission line
strength and equivalent width at each pixel in the SINFONI datacubes in order
to gain insight into the variation of physical properties (such as ages and excita-
tion mechanisms) across each galactic nucleus. We first corrected the linemaps for
extinction, and used the Bry equivalent widths as an input into Starburst 99 to
calculate SNrates. These could then be correlated with extinction corrected [Fell]
luminosities.

551  Extinction correction

In order to study the intrinsic emission line strengths, it is necessary to determine
the degree to which dust obscures each nucleus. We accomplish this by identifying
emission lines with fixed intrinsic intensity ratios, and comparing the observed to
the intrinsic line ratio. In our NIR database, the best line pair to use is Pag (H 5-3)
and Bry (H 7-4), which has a ratio of 5.88 (Hummer & Storey 1987) over a wide
range of physical conditions. Extinction is also probed by the [Fell]; 26/[Fell]; 64
ratio, in which both [FellI] lines originate in the same upper level with an intrin-
sic ratio of 1.36 (Nussbaumer & Storey 1988). For completeness sake, we calcu-
lated both line ratios and compared the extinction maps. There is little disparity
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Figure 5.6: Extinction maps of NGC 4536, NGC 1808 and NGC 7552. The color scales are
displayed to the right of each map, the values represent Ay measured in magnitudes.

in morphology between the [Fell] derived and HI derived extinction maps. It is
clear, however, that the [Fell] lines are of limited use, as the spectral baseline they
define is small and provides relatively little differential extinction. More impor-
tantly, the [Fell] lines have lower signal-to-noise ratios than the J and K lines, the
[Fell]; 64 being particularly bad in this respect as it is degraded by residual atmo-
spheric OH contamination in many of our observations. As a result, meaningful
extinction maps based on the [FelI] line ratio could only be derived over limited
areas for a minority of the galaxies. Thus, the extinctions derived from the Pa3/Bry
ratio should be the more reliable and will be used to complete the following anal-
ysis.

We calculated the extinction at each pixel and created an extinction map reveal-
ing the regions most effected by dust. Extinction maps for three example galaxies
are shown in Figure p.6. Table 5.2 lists the averaged visual extinction (Ay ) over the
observed field of view for both line ratios. The Table also includes the integrated,
extinction corrected Bry, Pag, and [Fell] line fluxes. The maps were integrated
over the full field of view but were filtered for low signal-to-noise pixels and pixels
with linewidths either too narrow or too broad. The visual extinction Ay is deter-
mined assuming using the near-infrared extinction law Ay oc A~!8 (Martin &
1990). The disparity between the extinctions derived from the Fe and H
lines mostly reflects the poor quality of the former, as discussed above. In the case
of NGC 1792, the little line emission observed has a very low signal-to-noise ratio
(cf. Figure p.4), negatively affecting the accuracy of any Ay measurement, hence
also the accuracy of the extinction corrected [Fell] and Bry fluxes. In NGC 6240,
the extremely low Bry flux makes it difficult to accurately determine the extinction
on a pixel by pixel basis.

In order to obtain the best possible result, we constructed extinction corrected
[Fell]; 26 and Bry line maps using pixel-by-pixel extinctions derived from the
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Galaxy Paﬁ Br’y [FCII]LQG [FCII]1.64 AVB,My @
NGC3628 | 0.7 | 1.4 1.4 0.6 20.3
NGC 4536 || 12.7 | 3.5 3.4 4.5 3.9
NGC1792 | 1.3 | 0.3 0.1 -- 2.9
NGC 1084 | 1.0 | 0.3 0.3 0.5 3.0
NGC 1808 || 18.3 | 4.4 9.2 8.0 2.7
NGC 520 1.2 | 1.3 1.2 0.3 15.3
NGC 7552 || 20.7 | 6.8 6.3 8.1 53
NGC7632 | 1.8 | 0.5 0.5 0.8 3.9
NGC 1614 || 13.8 | 3.5 3.1 3.7 3.3
NGC 6240 | 3.3 | 0.6 8.5 8.7 15.6
Arp 220 04 | 0.5 0.7 - 15.4

Table 5.2: Un-extinction corrected Bry, Pag, [Fell]1.26, and [Fell]1.64 fluxes with the Ay
derived by the Pag/Bry intrinsic line ratio. All measurements are listed in units of 10 erg
s—1 cm~2 with a 10% error, which is the estimated calibration uncertainty. NGC 1792 has a
20% error due to the low signal to noise of this observation.

® Ay is determined assuming using the near-infrared extinction law Ay oc A™'% (Martin
& Whittet 1990). Although the measured Ay is very high in some galaxies, the extinction
measured in the NIR wavelength range is significantly less.

Pa3/Bry line ratio only. We also constructed pixel-by-pixel maps of the Bry equiv-
alent width directly from the observed Br; these are therefore independent of the
assumed extinction. The Bry equivalent width and the Bry luminosity thus deter-
mined are the on/y observational inputs used in the calculation of SNrates from

the Starburst 99 model, described in detail in Section below.

5.5.2 Colculating SNrate

Starburst 99 (from here on referred to as SB99) is a tool that models spectropho-
tometric properties of star-forming galaxies (Leitherer et al! 1999) such as spectral
energy distributions (SEDs), luminosities, equivalent widths, supernova rates and
colors. 'This includes predictions of the variations in these properties as a func-
tion of starburst age. The models have been calculated for 5 different metallicities
(Z = 0.04,0.02,0.008,0.004, 0.001) and 3 different initial mass functions (IMF).
In addition, the two extreme star-formation modes are considered: the continuous
mode in which star formation proceeds continuously at a constant rate, and the
instantaneous mode where it has the form of a delta function starburst.

In our analysis, we assumed a near solar metallicity (Z = 0.02), a Salpeter IMF
(a = 2.35, Mjoyy = 1M, My, = 100M) and an instantaneous star formation
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mode. In the case of an instantaneous starburst, the model normalizes the burst
to an initial starburst mass of 105 M. We calculated the average age of the pop-
ulation dominating the emission in each pixel from the observed Bry equivalent
width (EW(Brv)), which is independent of this normalization. SB99 provides the
expected SNrate as a function of the age thus determined. Due to the normaliza-
tion of 10% M, the SNrate must be appropriately scaled by comparing the SB99
age dependent prediction of ionizing photon flux (N(H®)) to the observed ionizing
photon flux, which in turn scales with Bry luminosity. This comparison yields a
scaling factor that is directly proportional to the initial mass and initial star forma-
tion rate. This allowed us to determine the actual SNrates based on the true initial
conditions of the region represented in each pixel.

5.6  Analysis

In this section, we use the observed linemaps and the SB99 results to do a detailed
analysis of each galaxy in order to better understand the complex relationship be-
tween [Fell] emission and SNrate. First, we present the age and SNrate estimates
for each galaxy. Then we will provide both a qualitative and quantitative compari-
son of the SNrates and the [Fell] luminosity.

561 Age and SNrate

Table p.3 lists the Bry equivalent widths as well as the average age and integrated
SNrate using the SB99 instantaneous burst model for each galaxy. Although the
analysis was done on a pixel-to-pixel basis, the values given in Table .3 are either
averaged (in the case of age and equivalent width) or integrated (in the case of the

SNrate) over the galaxy.

56.2 Qualitative correlation

To illustrate the morphological relation between the [Fell] emission and the SNrate,
we show a side-by-side comparison of the K-band continuum, the extinction-
corrected Bry flux, the extinction corrected [Fell]; o6 flux, and the derived SNrate
in Figure for the galaxies NGC 4536, NGC 1808, and NGC 7552, which
have the highest quality observations. A visual comparison of the morphologies
in the four different maps of each galaxy shows that the SNrate map most closely
resembles that of the [Fell] emission.

For instance, in NGC 4536 there is a bright knot of Bry emission directly north
of the nucleus with secondary emission peaks to the northwest and southeast of the
galaxy. The [Fell] emission is concentrated on the galaxy nucleus with a long plume
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Table 5.3: Average equivalent width of Bry and the SB99 derived average ages and integrated
SNrates using the instantaneous starburst model.

Galaxy EW(Bry) | Ageinst | SNratejns
A (Myr) yrt
NGC 7632 5.9 7.0 0.03
NGC 3628 7.5 6.9 0.01
NGC 4536 10.6 6.7 0.3
NGC 1792 4.1 7.9 0.007
NGC 1084 4.8 7.3 0.009
NGC 1808 7.2 6.9 0.06
NGC 520 11.7 6.6 0.3
NGC 7552 13.7 6.7 0.3
NGC 7632 5.9 7.0 0.03
NGC 1614 229 6.4 0.9
NGC 6240 3.6 7.7 3.6
Arp 220 8.0 6.8 0.7

of emission (perhaps an inner spiral arm) extending from the nucleus towards the
northwest. A small knot of faint [Fell] emission coincides with the Bry peak.
Mimicking the [Fell] emission, the SNrate peaks at the center and also shows
an arm extending towards the northwest. The SNrate exhibits a slight increase at
the Bry peak, but on the whole more closely resembles the morphology of [Fell]
emission.

The starburst ring surrounding the bright nucleus of NGC 1808 shows up
clearly in Bry. The ring contains individual bright knots of Bry emission. The ring
is much less prominent in [Fell] emission. The SNrate map shows a ring structure
more clear than in the [Fell] map but it is quite diffuse and lacks the contrast
that the Bry knots provide. The SNrate map also shows diffuse extended structure
around the nucleus, similar to the [Fell] emission but distinct from the Bry map
in which the compact nucleus is much more isolated.

Finally, the face-on spiral, NGC 7552, also reveals its starburst ring in Br,
with little emission at the nucleus. In the northern part of the ring we find three
major Bry knots, two slightly northwest of the nucleus and one elongated knot di-
rectly north of the nucleus. Comparison shows that only one of the two northwest-
ern Bry knots is discernible in [Fell] emission. We also see that the morphology
in the elongated knot differs in the two maps. Focusing on the SNrate morphol-
ogy, the northern emission knots resemble the relative flux and morphologies of
the [Fell] emission much more closely than the Bry emission. Specifically, the top
northwestern knot is also missing in SNrate map and the elongated northern Bry
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peak is resolved to two peaks, resembling the relative flux ratios seen in [Fell].

All comparisons show that, at least qualitatively, the SNrate maps resemble the
[Fell] maps much more than those of the Bry emission on a pixel by pixel basis.
Once again we emphasize that the only observational input into the SNrate cal-
culation is the Bry luminosity and EW(Bry); the [Fell] flux is never used. As the
SNrate nevertheless correlates better with the [Fell] than with the Bry emission,
we conclude that this strongly supports [FelI] as a robust tracer of SNrate.

56.3 Quantitative correlation

Now that we have established that a qualitative correlation exists between [Fell]
emission and SNrates, it is important to verify to what extent this relationship
holds up quantitatively. To do this, we compare in Figure p.§ for each galaxy
the [Fell]; 26 luminosity and the SNrate derived from Bry pixel-by-pixel. The
linemaps were not additionally filtered, with the exception of NGC 6240 which
was filtered to eliminate pixels where the Brvy flux is insufficient to determine the
true extinction. We normalized both the SNrate and the [Fell] luminosity to val-
ues per square parsec so that each pixel represents the same physical area. We per-
formed a least squares regression in log space on the combined points from all
sample galaxies except NGC 1792 because of its poor signal-to-noise data. The
combined linear regression is indicated by a solid black line in Figure p.8; it takes
the analytical form:

[Fe[[]lgﬁ
ergs—ipc—2

VSNrate

S = (101 £0.2)  log —41.17£09  (5.1)
yr—tpe

lo

'The errors represent the standard deviation of the slopes and intercepts of the
individual galaxies, thus representing the variation between individual galaxies' fits.
This is an intrinsic error, corresponding to the variations in properties among the
galaxies and not derived from the quality of the observation. To investigate the
strength of the relationship on a global basis, we have plotted , excluding NGC
1792, the integrated SNrate plotted against the integrated [Fell] luminosity for
each galaxy, again with the best fit regression line. Errors in the extinction are a
potentially significant source of uncertainty in the derived relationship. The dashed
lines at either side of this best fit in Figure p.9 mark the regression lines we would
find if the extinction magnitudes were overestimated respectively underestimated
by factors of two. It is obvious from the Figure that our result is essentially unaf-
fected by this uncertainty. The best fit for the global values is given by:



114 [Fell] as a tracer of supernova rate in nearby starburst galaxies

[FeII]1_26
2

VSNrate

e (0.89 +0.2) x log

log —36.19£0.9 (5.2)

ergs—ipc—

Thus, the averaged and the integrated SNrate - [Fell] luminosity relation are
identical within the errors. Both procedures yield a power law with a slope of nearly
unity. The relation is linear well within the errors.

An important source of uncertainty in the SNrate calculation is caused by ob-
servational errors in the Brv, [Fell] and K band continuum intensities. These ob-
servational errors are dominated by the uncertainty in the calibration, which is of
the order of 10% of the flux in all cases except NGC 1792, where the errors are
dominated by noise, estimated to be about 20% of the flux. The uncertainties in
the derived SNrate are the same as those in Bry flux, i.e. about 10%. However, the
observational errors are not the dominant source of uncertainty. This is the system-
atic error introduced by the choice of the starburst model. Because we use SB99,
our choices are limited to two star-formation models only, instantaneous and con-
tinuous. In the next section, we discuss the effects of the choice of the burst model
on the relation between SNrate and [FelI] luminosity.

5./ Dependency on burst model

So far, we have based our analysis on the assumption that star formation in the
sample galaxies is best represented by an instantaneous burst. The other extreme
case also modeled by SB99 is the continuous star-formation scenario. It is un-
likely that either of these extreme cases is a true representation of the situation in
the galaxies considered; we suspect that reality is somewhere in between and bet-
ter described by one or more star bursts extended in time. We cannot determine
the actual star formation history of the sample, but the SB99 model allows us to
constrain the validity of our determination of SNrate/[Fell] luminosity relation
by performing the same analysis this time assuming a continuous star-formation
mode. The result is shown in (Figure 5.10) as a plot of the [Fell] luminosity versus
the SNrate for the combined pixels of all sample galaxies. In this Figure, the black
dots represent the SNrates assuming an instantaneous burst (as in Figure p.8) and
the red points represent the same pixels where the SNrate is calculated assuming
continuous star formation.

From Figure .10 it is clear that also in continuous star-formation mode, the
SNrate is still closely related to the [Fell] luminosity. However, in this case, the
relation is no longer linear as the best fit slope is 1.20. We also note that in this
situation, a given [Fell] luminosity also implies an SNrate roughly an order of
magnitude higher than in the instantaneous burst model.
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Figure 5.8: A pixel-pixel plot of SNrate, as derived from SB99, compared to [Fell] lumi-
nosity. Each galaxy is represented with a different color and the values are normalized to a
square parsec. The black line represents the best fit power law excluding NGC 1792, which is

represented by diamonds.
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mated respectively underestimated by a factor of two in optical depth.
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58 Comparison to Radio SNrate

Which mode best represents our sample? Radio continuum emission is the classi-
cal tracer of SNrate, and radio flux densities can be used to obtain an independent
estimate of the SNrate for comparison to the SNrates derived with the SB99 mod-
els. We apply the equation given by Huang et al] (1994), which relates nonthermal
radio luminosity and SNrate, to VLA observations. There are no VLA archived
observation of NGC 7632 and this galaxy is excluded from the comparison. A
similar situation applies to NGC 7552, but here we could use the ATCA 4.8 GHz
map instead. For the nearest extended galaxies, we matched the radio integration
area to that of SINFONI. For the more distant NGC 1614, NGC 6240, and Arp
220, we used NED VLA 1.4 GHz integrated flux densities since these galaxies
are compact enough that the entire galaxy is encompassed in the SINFONI field
of view. In Figure we compare the radio SNrates thus derived to the SB99

instantaneous and continuous SNrates.

For all galaxies, except NGC 1792, NGC 4536, NGC 6240 and Arp 220, the
radio SNrate closely matches those given by the SB99 instantaneous burst model.
As noted before, the NIR emission linemaps of NGC 1792 are too noisy to be reli-
able. However, NGC 4536 is a nearly face-on galaxy with relatively low extinction
and high signal-to-noise spectra, and the NIR data should be reliable. Thus, NGC

4536 is undergoing star formation that is closer to instantaneous but extended in

time. Arp 220 and NGC 6240 have radio SNrates even higher than the SB99
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instantaneous SNrates. Also, in Figure p.8, the points for these galaxies lie sys-
tematically above the best fit line, with a similar slope to the rest of the galaxies.
This offset can be explained by either an excess of [Fell] emission or a deficiency
of Bry emission, since these are the two observables that are used to scale SNrate
and [Fell] luminosity. In the case of Bry deficiency, the Bry emission could be
selectively suppressed by dust absorption of Lyman continuum photons in these
very dense systems. However, in NGC 6240 and Arp 220, it is tempting to spec-
ulate that this excess is caused by merger related shocks that are over exciting the
[Fell] in addition to the SNRs. Evidence for large scale shocks in NGC 6240
comes from the prominent wings on the Ha 1-0 S(1) line which trace the shocked
superwind (Van der Werf et al] 1993; [Engel et al] 2010). The [Fell] emission is
morphologically similar to the Ho, indicating that the [Fell] also traces the super-
wind. These powerful merger (U)LIRGs may demonstrate a limit to the validity
of the direct relationship between SNrate and [Fell] luminosity. In addition, de-
termining an accurate extinction in (U)LIRGs presents a challenge. The under or
over estimation of extinction leads to inaccurate [Fell] luminosities as well as Bry
luminosities used to scale the SNrate. However, the offset between the (U)LIRGs
and the other galaxies is minor. They share a common slope and appear to be offset
only in [Fell] emission. The validity of this relationship in the case of (U)LIRGs
can only be established by studying a larger sample of these galaxies. In any case,
it appears that the majority of (modest) starburst galaxies is well represented by
the assumption of a (nearly) instantaneous burst of star formation. In addition,
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the very good agreement between SNrates derived from the radio continuum, and
from NIR data provides added confidence in the diagnostic strength of [FelI] as
a tracer of SNrate.

59 Conclusion

Using SINFONI observations of 11 nearby galaxies, we have performed a pixel-by-
pixel analysis of the correlation between [Fell]; 26 emission and independently de-
rived SNrates. We measured accurate Bry, Pag, [Fell]; o6, [Fell]1 64, and Ha 2 12
line fluxes. We determined Bry equivalent widths which were used as input into
the SB99 model to find the starburst age in each pixel. In the SB99 model, this
defines an SNrate, normalized to an initial mass of 106 M, which we scaled with
the observed Bry luminosity to find the actual SNrate in each pixel.

'The comparison of the [Fell]; 26 luminosity to the SNrate (derived only from
Bry equivalent width and luminosity) reveals a nearly linear correlation, where the
error represents the spread of intrinsic properties over our sample of galaxies.

VSNrate

[F@II]LQG
yr~tpc?

lo =101 £ 0.2 log——— > — 41.17 £ 0.9
ergs—ipc

'This relationship is valid both on a pixel-pixel basis and for the integrated galaxy.
For the integrated [Fell] luminosity and SNrate, the fit is remarkably tight with
very little spread. However, to correctly determine the absolute SNrates, it is still
critical to determine whether star formation has occurred in a (nearly) instanta-
neous burst, or has proceeded in a continuous fashion. SNrates derived from radio
continuum observations may be used to distinguish these scenarios. Most of the
modest starburst galaxies in our sample are best fitted assuming instantaneous star
formation. However, we find that the relationship breaks down for (U)LIRGs in
our sample.

From the strong correlations found in this sample of galaxies, we confidently
conclude that [Fell]; 26 emission line strengths are quantitatively correlated with
SNrates and can be used to derive these rates either locally or globally. This use
of [FelI] as a robust tracer of SNrate provides us with a very useful diagnostic
tool. It is particularly important as it allows determination of SNrates from NIR
observations of distant galaxies, where individual SNRs can not be resolved.
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6 The Herschel Comprehensive
[UJLIRG Emission Survey [Her-
CULES]

(Ultra) Luminous Infrared Galaxies ((U)LIRGs) are objects characterized by their ex-
treme infrared (8-1000 pm) luminosities (Lyrrg > 10 Ly and Lyrrre > 1012 Lg).
The Herschel Comprehensive ULIRG Emission Survey (HerCULES; PI van der Werf)
presents a representative flux-limited sample of 29 (U)LIRGs that spans the full lumi-
nosity range of these objects (10'* < L < 10'3). With the Herschel Space Observatory,
we observe [CII] 157 um, [OI] 63 pm, and [OI] 145 pm line emission with PACS, CO
J=4-3 through J=13-12, [CI] 370 ym, and [CI] 609 pum with SPIRE, and low-] CO tran-
sitions with ground-based telescopes. The CO ladders of the sample are separated into
three classes based on their excitation level. In approximately 50% of the galaxies, the
[OI] 63 pm emission line is self absorbed. Comparing the CO excitation to the IRAS
60/100 pm ratio and to far infrared luminosity, we find that the CO excitation is more
correlated to the far infrared colors. We present cooling budgets for the galaxies and find
fine-structure line flux deficits in the [CII], [Sill], [OI], and [CI] lines in the objects with
the highest far IR fluxes, but do not observe this for CO. In order to study the heating
of the molecular gas, we present a combination of three diagnostic quantities to help de-
termine the dominant heating source. Using the CO excitation, the CO J=1-0 linewidth,
and the AGN contribution, we conclude that galaxies with large CO linewidths always
have high-excitation CO ladders, and often low AGN contributions, suggesting that me-
chanical heating is important. I
M. J. F. Rosenberg, P. P. van der Werf ez. a/
ApJ (submitted)

Contribution from coauthors included helpful suggestions and comments on the text.
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6.1  Introduction

(Ultra) Luminous Infrared Galaxies ((U)LIRGs) in the local universe are remark-
able galaxies exhibiting an extremely high infrared luminosity, Lg_1000m > 10ML
for LIRGs and Lg_1000um > 10'2L¢, for ULIRGs. The first galaxy identified as
a luminous infrared galaxy was NGC 6240 (Zasov & Karachentsev 1979), and
many more followed with observations from the InfraRed Astronomical Satellite
(IRAS), which was launched in 1983 (Houck et all 1985). After the discovery that
these objects all contain massive amounts of molecular gas (Sanders et al] 19884,
Veilleux et al] 2002), detailed studies of the spectroscopic cooling lines were carried
out with the Infrared Space Observatory (ISO; Malhotra et al! (1997); Luhman et al)
(1998); Helou et al! (2001); Malhotra et al] (2001); Luhman et all (2003); Abel
(2009)), ground based observations of [CI] (Gerin & Phillips 1998, 2000),
Spitzer Space Telescope (Armus et al] 2009; [Diaz-Santos et al] 2011}; Stierwalf
2013) and the Herschel Space Observatory (Gracid-Carpio et al] 2011 Diaz]

Santos et al] 2013; [Farrah et al] 2013; [Lu et al] 2014; [Diaz-Santos et al] 2014).
In the local universe ULIRGs are rare (Soifer & Neugebauer 1991), but at higher

redshifts (z > 1) they represent most of the cosmic infrared background and are
the dominant source of star formation up to z=2 (Caputi et al] 2007; Magnelli
et al] 2011; Berta et al] 2011). Locally, these objects are hosts to intense starbursts,
and/or active galactic nuclei (AGN), and often are part of a merging galaxy group

(Armus et al] T987; Sanders et al] T988H; Barnes & Hernquisf 1992; Sanders &
Mirabel 1996; |Veilleux et al] 2002; Lonsdale et al] 2006). Regardless of the vari-

ous heating processes available, however, the luminosity of most (U)LIRGs seem
to be energetically driven by starbursts (Genzel et al] 1998; Downes & Solomorn
M1998; |Veilleux et all 1999, 2002; Gao & Solomon 2004; Veilleux et al] 2009).

(U)LIRGs are also thought to represent the transitional phase in evolution from a
starburst galaxy to elliptical/lenticular galaxies (Sanders et al] 1988b; Genzel et all
2001; [Tacconi et al] 2002; Rothberg & Fischer 2010; Rothberg et all 2013), and

thus must quench their star formation during this period. In fact, some evidence
for this was found in the discovery of massive molecular outflows with the Her-
schel Space Observatory (Fischer et al] 2010; Sturm et al] 2011; Spoon et al] 2013;
Veilleux et all 2013; Gonzalez-Alfonso et all 2014) as well as as by ground-based
telescopes (e.g., [Feruglio et al] 2010; Weill et al] 2012).

Since (U)LIRGs offer a unique insight into this transitional phase from star-
forming to quiescent galaxies, understanding which mechanisms are affecting the
star-forming gas is crucial. Many studies of the star forming gas in (U)LIRGs have
been made since its universal presence in (U)LIRGs was determined (Sanders et all

1991; Sanders & Mirabel 1996; Solomon et al] 1997). In general, gas is heated
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by either radiation (i.e. UV photons, X-ray photons), energetic particles (cosmic
rays) or mechanical processes (i.e. turbulence, stellar winds, outflows, supernovae).
The interplay between these heating sources can account for the extreme environ-
ments found in (U)LIRGs, in comparison to less intense star forming environ-
ments (Aalto et all 1997, 19954). The high amount of energy injected into the gas
in these galaxies is displayed by emission lines that serve as a coolant along with
infrared dust emission. The emission lines responsible for most of the gas cooling
are the [CII] line at 157 um (2P3/2 —2 Py 3), the [OI] line at 63 ym (BP =3 Py),
and CO (rotational transitions). The Herschel Space Observatory has, for the first
time, provided astronomers with simultaneous access to these important far in-
frared cooling lines and the CO rotational ladder (CO ladder) in (U)LIRGs. Using
the multiple rotational transitions of CO from J=1-0 through J=13-12, the den-
sity, temperature, column density, and mass (with the addition of 13CQO) can be
estimated (eg. Rangwala et al] 2017; Spinoglio et al] 2012; Rigopoulou et al! 2013;
Papadopoulos et al] 2014). In some cases, it is possible to even discern specifically
the heating mechanism (Loenen et al] 2008; Hailey-Dunsheath et al] 2008; yan
der Wert et al] 2010b; [Meijerink et al| 2013; [Lu et al] 2014; Rosenberg et al] 2014;
Pereira-Santaella et al] 2014). In this paper, we introduce a representative sample of
(U)LIRGs spanning the luminosity range from 101! <L, < 10'3. In Section p.2,
we present observations from the Herschel/SPIRE and Herschel/PACS spectrom-
eters, which include [CII], [OI] 63um, [OI] 145um, CO (4 < Jypp < 13), and
[CI] 370 pm and 609 pm. In this paper we focus on the main neutral gas cooling
lines. We therefore do not analyze the [NII] lines, which arise in ionized gas, or the
fainter molecular lines which do not affect the thermal balance. Specifically, we do
not discuss HoO since in the cases where these lines are bright, they are radiatively
excited (Gonzélez-Alfonso et all 2010; yan der Wert et al] 2017; [Yang et al] 2013)
and do not remove kinetic energy from the gas and thus do not contribute to the
cooling. We show spectra for three sample galaxies that represent three different
classes of excitation, and the CO ladders for the full sample in Section p.3. Using
the full sample, in Section .4 we analyze the gas excitation, cooling budget of the
sample, and a diagram for determining additional heating mechanisms for the gas.
Our conclusions are presented in Section p.5.

6., Qbservations

6.21 The HerCULES sample

'The sample was chosen from the IRAS Revised Bright Galaxy Sample (RBGS),
which contains all 629 extragalactic sources with IRAS 60 pm flux density S >
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5.24 Jy in the (IRAS-covered) sky at Galactic latitudes [b| > 5 (Sanders et al!
2003). From the IRAS RBGS we select a sub-sample applying limits both in Sgg
and Lg: at luminosities : Lyg > 10'? Lo, (ULIRGs), all sources with Sgo > 11.65
Jy are included, while at luminosities 10! Lo, < Lig < 10'2 L, (LIRGs), sources
with Sgp > 16.4 Jy are included. From this flux-limited and statistically complete
parent sample of 32 targets, we removed three LIRGs for which no ground-based
CO data are available. The resulting representative flux-limited sample consists
of 21 LIRGs and 8 ULIRGs. The sample covers a factor of 32 in Ljr and con-
tains a range of objects including starburst galaxies, AGNs, and composite sources,
and covering also a range of IRAS 60/100 micron ratios. The full list of included
galaxies and their respective properties can be found in Table p.J. The infrared lu-
minosity is from Sanders et al] (2003) and the luminosity distance is from Armus
et al] (2009) using the cosmological parameters Hp=70 km s71 Mpc_l, Qx=0.72,
and Qmatter=0~28~

In order to obtain a comprehensive view of the CO emission and the cool-
ing budget of these galaxies, we proposed Herschel/SPIRE spectroscopy (for the
CO ladder) and Herschel/PACS spectroscopy (for the [CII] and [OI] fine struc-
ture lines) of the entire sample. This project was approved as a Key Project on the
Herschel Space Observatory, under the name Herschel Comprehensive (U)LIRG
Emission Survey (HerCULES - P.1. Van der Werf). Key elements of HerCULES

are:

* a representative flux-limited sample of local LIRGs and ULIRGs, where
NGC 4418, NGC 1068, and Arp 220 are not formally part of the Her-
CULES sample;

* comprehensive coverage of the SPIRE spectral range at the highest spectral
resolution mode (covering the CO ladder, [CI] and [NII] fine structure lines,
and any other bright features such as HyO lines);

* comprehensive coverage of the key fine-structure cooling lines [CII] and

[OI] with PACS observations;

* integration times were scaled based on the IRAS 60 pm flux density, such
that the S/N ratio (at a fixed observing wavelength) would be approximately
constant over the sample, except where this would lead to excessively long
integration times (in which case maximum integration time of 4 hours was

adopted).
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6.2 Herschel/SPIRE observations

Spectra were obtained with the Spectral and Photometric Imaging Receiver and
Fourier-Transform Spectrometer (SPIRE-FTS, Griffin et al] 2010b) on board the
Herschel Space Observatory (Pilbratt et al] 2010B) for the full HerCULES sample.
'The observations were carried out in staring mode with the galaxy nucleus on the
central pixel of the detector array. The high spectral resolution mode was used
with a resolution of 1.2 GHz over both observing bands. The low frequency fo-
cal plane array (Long Wavelength Spectrometer Array, SLW) covers v=447-989
GHz (A=671-303 pm) and the high frequency focal plane array (Short Wave-
length Spectrometer Array, SSW) covers v=958-1545 GHz (A=313-194 yum), and
together they include the CO J =4 — 3 to CO J = 13 — 12 lines. Details about
the galaxy type and observation ID can be seen in Table p.1. We have included ob-
servations from other programs to help realize the complete flux-limited sample.
'The references for these observations are also in Table b.1].

'The data were reduced using version 9.0 of the Herschel Interactive Process-
ing Environment (HIPE). Initial processing steps included timeline deglitching,
linearity correction, clipping of saturated points, time-domain phase correction,
and inteferogram baseline subtraction. After a second deglitching step and inter-
terogram phase correction, the interferograms were Fourier transformed, and the
thermal emission from instrument and telescope was removed from the resulting
spectra. The averaged spectra were flux calibrated as point sources using the calibra-
tion tree associated with HIPE 9.0. Following these steps a "dark" spectrum was
subtracted, to remove any residual emission from the telescope and the instrument.
Since the emission of most of our sources is contained entirely in the central pixel
of the detector arrays, a "dark" spectrum was constructed by spectrally smoothing
a combination of several oft-axis pixels. For extended targets, where the oft-axis
pixels contain emission, the dark was obtained from a deep blank-sky observation
obtained on the same observing day.

For all extended sources (Arp 299, ESO 173-G015,MGC+12--02--001, Mrk
331, NGC 1068, NGC 1365, NGC 2146, NGC 3256, NGC 5135, and NGC
7771), an aperture correction is necessary to compensate for the wavelength de-
pendent beam size (Makiwa et al] 2013). In order to correct for the extended na-
ture of these sources, we employ HIPE's semiExtendedCorrector tool (SECT).
This tool 'derives' an intrinsic source size by iterating over different source sizes
until it finds one that provides a good match in the overlap range near 1000 GHz,
and is further discussed in Wu et al] (2013). We set the Gaussian reference beam
to 42", the largest SPIRE beam size. The beam size corrected flux values for the 6
extended sources are listed in Table p.2, along with the unextended sources. There
are three targets in the sample that have multiple pointings; Arp 299, NGC 1365,
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and NGC 2146. In order to compare these targets with the PACS observations,
we choose only the nuclear pointings for these sources. In the case of Arp 299, we
use only the pointing for Arp 299 A. For NGC 1365 we take the average of the
northeast and southwest pointings and for NGC 2146, we use only the nuclear
pointing.

We note that the error in the extended source flux correction could be signifi-
cant due to the assumptions. Namely we assume that the high-J CO transitions are
distributed in the same way as the the low-] CO lines. If high-J CO transitions are
only coming from a centralized compact region, we are overestimating their flux
with our beam correction method. For this reason, we apply an additional 15%
error to the extended galaxies.

CO and [CI] line fluxes were extracted using F'TFitter, a program specifically
created to extract line fluxes from Fourier transform spectrographs, and are listed
in Table p.2. 'This is an interactive data language (IDL) based graphical user inter-
face, that allows the user to fit lines, choose line profiles, fix any line parameter, and
extract the flux. We define a polynomial baseline to fit the continuum for the SLW
and SSW separately and derive the integrated line intensities from baseline sub-
tracted spectra with a simultaneous line fit of all CO, [CI], [NII] and other bright
lines in the spectrum. We use a Gaussian line profile with a fixed full width half
maximum (FWHM), based on the line with of the CO 1-0 transition. We adopt
an error of 16% for the non-extended galaxy fluxes, which encompasses our domi-
nant sources of error, ~10% for the flux extraction and baseline definition and 6%
for the absolute calibration uncertainty for staring-mode SPIRE FTS observations
(Swinyard et al] 2014). For the case of extended sources, we adopt an additional
~15% error from the beam size corrections, making the total error ~30% for the
5 extended sources.

6.2.5  Herschel/PACS observations

We have obtained observations of the [OI] 63 um ([OI]g3), [OI] 145 pm ([OI]145),
and [CII] 157 pm emission lines with the Integral Field Spectrometer of the Pho-
todetector Array Camera and Spectrometer (PACS, Poglitsch et al] 20I0H) on
board Herschel Space Observatory for every object in the HerCULES sample. The
data presented here were obtained as part of the Herschel program
KPOT_pvanderw_1 (PIL: P. van der Werf), complemented by observations from
other programs. The observations and program IDs of the [CII] and [OI] lines are
listed in Table .1].

'The data were downloaded from the Herschel Science Archive and processed
using HIPE v11.0. Standard processing steps including timeline deglitching, ap-
plication of the Relative Spectral Response Function and detector flat fielding, and
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Object T B D.  Avrwnw Type Tines OBSID Program
log[La]) [Mpe]  [kms™!]
Arp 193 11.67 0.02330 110 400 SB,L [OIle3, [OI]145,[CIT] 1342197801 KPOT _pvanderw_1
194 — 671pum 1342209853 KPOT_pvanderw_1
Arp 220 120 001813 77 504  SBAGN  [Ollgs, [Ollis 1342191304  KPGT esturm_1
[cij 1342191306  KPGT _esturm_1K
194 — 671 pm 1342190674  KPGT _cwilso01_1
Arp299 A 11.88 0.01030  50.7 325 SB,AGN [OI]63 1342199421  KPGT _esturm_1
IC 694 [OT]145 1342232602 OT1_shaileyd_1
[c1] 1342208906  KPGT _esturm_1
194671 um 1342199248 KPOT _pvanderw_1
ESO 173--G015 1134 000974 34 200 SB [OT)g3,[O1]145,[CIT] 1342190368 KPOT_pvanderw_1
TRAS13242--5713 194 — 671 pm 1342202268 KPOT _pvanderw_1
ESO 320--G030 1110 001078 412 350 SB [Ollgs, [OT145,[CIT] 1342212227 KPOT _pvanderw_1
IRAS11506--3851 194 — 671 pm 1342210861 KPOT _pvanderw_1
IC 1623 11.65 0.02007 855 250 SB,AGN  [OI]g3, [OT]145,[CII] 1342212532 KPOT_pvanderw_1
194 — 671 pm 1342212314 KPOT _pvanderw_1
IC 4687/6 11.55 0.01735  81.9 230 SB [OTlss3 1342239740 OT1_larmus_1
[cij 1342239739 OT1_larmus_1
194 — 671 pm 1342192993 KPOT _pvanderw_1
IRAS F17207--0014  12.39 0.04281 198 620 SB,L. [OTls3 1342229692  KPGT _esturm_1
[OI]145,[CIT] 1342229693 KPGT _esturm_1
194 — 671 pm 1342192829 KPOT_pvanderw_1
IRAS F05189--2524  12.02 0.04256 187 300 QsoO [Olles 1342219441  KPGT _esturm_1
[OI145,[CIT] 1342219442 KPGT _esturm_1
194 — 671 pm 1342192832 KPOT_pvanderw_1
194 — 671 pm 1342192833 KPOT _pvanderw_1
IRAS F18293--3413 11.81 0.01817 86 270 [OTlgs, [OI]145,[CIT] 1342192112 KPOT_pvanderw_
194 — 671 pm 1342192830 KPOT _pvanderw_1
TRAS13120--5453 12.26 0.03076 144 400 Sy2,SB [OTles3 1342214628  KPGT _esturm_1
[O1]145,[CI1] 1342214629 KPGT _esturm_1
194 — 671 pm 1342212342 KPOT _pvanderw_1
MGC+12--02--001 1144 001570  69.8 200 SB [Ollgs, [OT15,[CIT] 1342193211 KPOT_pvanderw_1
194 — 671 pm 1342213377 KPOT _pvanderw_1
Mrk 231 12,51 0.04217 192 200 QSO [OTls3 1342189280  KPGT _esturm_1
[O1]145,[CI1] 1342186811 SDP_esturm_3
194 — 671 pm 1342210493 KPOT _pvanderw_1
Mrk 273 12.14 0.03736 173 520 SB,Sy2 [OTl63 1342207801  KPGT _esturm_1
[OI]145,[CIT] 1342207802  KPGT _esturm_1
194 — 671 pm 1342209850 KPOT_pvanderw_1
Mrk 331 11.41 0.01790 793 215 SB [OIle3, [OI]145,[CIT] 1342197840 KPOT _pvanderw_1
194 — 671 pm 1342212316  KPOT_pvanderw_1
NGC 34 1144 001962  84.1 330 SB [Ollgs, [Ol15,[CIT] 1342199416 KPOT_pvanderw_1
194 — 671 pm 1342199253 KPOT _pvanderw_1
NGC 1068 11.30  0.003793  15.9 300 AGN,SB [OTls3 1342191153  KPGT _esturm_1
[OI]145,[CIT] 1342191154 KPGT _esturm_1
194 — 671 pm 1342213445  KPGT _cwilso01_1
NGC 1365 11.00 0.00546 17.9 250 Sy1,SB [OI]63 1342191295  KPGT _esturm_1
[OI]y45,[CIT] 1342191294  KPGT _esturm_1
194 — 671 pm 1342204020 KPOT_pvanderw_1
NGC 1614 11.60 0.01594  67.8 220 SB [OIle3, [O1]145,[CIT] 1342190367 KPOT_pvanderw_1
194 — 671 pm 1342192831 KPOT_pvanderw_1
NGC 2146 11.07 0.00298 175 250 SB [OIle3, [OI]145,[CIT] 1342193210 KPOT _pvanderw_1
194 — 671 pm 1342204025 KPOT_pvanderw_1
NGC 2623 1154 001851  84.1 400 SBAGN  [Ollgs, [O]145,[CIT] 1342208904 KPOT_pvanderw_1
194 — 671 pm 1342219553 KPOT_pvanderw_1
NGC 3256 11.56 0.00935  38.9 230 SB [OTls3 1342210383  KPGT _esturm_1
[OI]145,[CIT] 1342210384  KPGT _esturm_1
194 — 671 pm 1342201201  KPOT_pvanderw_1
NGC 4418 11.19  0.007268  36.5 163 Sy2 [OI]63 1342187780  KPGT _esturm_1
[OI]145,[CIT] 1342210830  KPGT _esturm_1
194 — 671 pm 1342210848  KPGT _esturm_1
NGC 5135 11.17 0.01369  60.9 150 Sy2,SB  [Ollgs, [OI]145,[CIT] 1342190371 KPOT _pvanderw_1
194 — 671 pm 1342212344 KPOT_pvanderw_1
NGC 6240 11.85 0.02448 116 500 SB,AGN [OT]63 1342216622  KPGT _esturm_1
[O1]45,[CIT] 1342216623 ~ KPGT _esturm_1
194 — 671 pm 1342214831 KPOT _pvanderw_1
NGC 7469 11.59 0.01632  70.8 300 Sy1,SB [OTl6s3 1342187847  KPGT _esturm_1
[O1]145,[CIT] 1342211171 KPGT _esturm_1
194 — 671 pm 1342199252 KPOT _pvanderw_1
NGC 7552 11.03 0.00537 235 180 SB [OTls3 1342210400  KPGT _esturm_1
[OI]145,[CII] 1342210399 KPGT _esturm_1
194 — 671 pm 1342198428 KPOT_pvanderw_1
NGC 7771 1134 001427 612 250 SB [Ollgs, [Ol145,[CIT] 1342197839  KPOT_pvanderw_1
194 — 671 pm 1342212317 KPOT_pvanderw_1
Zw 049.057 1127 001300  65.4 200 SB [Ollss, [Ol]15,[CIT] 1342190374 KPOT_pvanderw_1

CGCG 049-057

Table 6.1: Sample properties.

194 — 671 pm KPOT _pvanderw_1

SB=Starburst, L=LINER, AGN=Active Galaxy Nucleus, Syl=Seyfert 1, Sy2=Seyfert 2,
QSO=Quasi-Stellar Object, Object name, infrared luminosity, redshift, luminosity distance,
line width of CO J=1-0, galaxy type, lines observed, observation ID, and program name

are listed for the full HerCULES sample. Classificat

ons are based on optical and X-ray ob-

servations. The infrared luminosity (lSanders et aIJ

OOEII) and the luminosity distance (

) use the cosmological parameters Hy=70 km s™' Mpc, Quaccum=0.72, and

Qmatter:0-28~
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subtraction of the on and off chop positions, gridding along the spectral axis, and
combination of the nod positions. With the exception of Arp 299, the objects are
all centered on the 9”4 central spaxel of the 5 by 5 PACS array, observed in staring
mode. The fluxes are extracted from the central spaxel, using the extractSpaxel-
Spectrum routine, and referenced to a point source. We use the pointSourceLoss-
Correction routine to capture any additional flux that may not be captured in the
central spaxel. Finally, SPLAT as part of the STARLINK software package was
used to subtract the baseline from each observation, and isolate the desired lines,
in the case of PACS range spectroscopy.

Arp 299 was observed in the mapping mode. The integrated flux for Arp 299 A
(presented in this paper) was calculated by summing the flux within a 25" aperture
centered on the source.

6.3 Results

631 Spectra and line Fluxes

All SPIRE CO and [CI] line fluxes are listed in Table f.2. We present three ex-
amples of galaxy spectra obtained with SPIRE in the top panels of Figure p.1], 6.2,
and B.3 for NGC 7552, Mrk 331, and IRAS F17207--0014, respectively. It is
important to note that the baseline ripple seen in the SPIRE FT'S spectra is due
to both the sinc profile of the strong CO transitions and the noise. Since in this
paper we only discuss the neutral gas cooling, we do not present fluxes of [NII]
(which originates in ionized gas) or the molecular lines other than CO, which are
irrelevant to the total neutral gas cooling. A comprehensive set of fluxes will be
presented in Van der Werf et al. (in prep).

In order to extract the line parameters from the PACS observations, we first
integrate over the baseline subtracted spectrum and then we fit a Gaussian profile
to the baseline subtracted flux. In some sources, the [OI]g3 line shows a double-
peaked profile, where the flux at the central wavelength is diminished, which could
indicate Keplerian rotation. However, if this were the case, then we would expect
a similar profile in the [OI] 145 pum line and possibly the other fine structure lines
as well, which is not seen. The spectral resolution of PACS at 145 jum is more than
sufficient to resolve the ~ 0.2 um separation between the two peaks in the [Ol]g3
profile. Therefore, we conclude that this double-peaked profile is due to absorption
in the center of the profile by colder foreground gas. We note that [OI]g3 absorp-
tion is due to O in the ground state while absorption at 145um requires O to be
at a state having an energy of 226 K above the ground state. Therefore, in cool or
moderate density gas the [OI]q45 line will not show an absorption feature, even
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if the [Ol]g3 line does. This same effect has been noted in Arp 220, which shows
the [OI]g3 in full absorption (Gonzalez-Alfonso et all 2012). In the case of NGC
4418 and Zw 049.057, the [Ol]s3 line has an inverse P Cygni profile, suggesting
that the absorbing foreground gas is flowing into the nuclear region. The three
example galaxies for which the spectra are shown in Figures 1-3 display different
behavior in the [Ol]g3 pm line. In NGC 7552, a face-on starburst galaxy, the pro-
file remains Gaussian, while in Mrk 331, a late-stage merger, there is a strong dip
in the middle of the profile. IRAS F17207--0014 is known for being one of the
coolest ULIRGs, here absorption dominates the [OI]g3 emission. For the [Ol]g3
profiles that show an absorption feature, we fit the Gaussian only to the wings
of the emission profile and state the flux in parentheses. the Gaussian-fit flux, is
only valid if the true line profile is Gaussian. However, we suggest this is a more
robust estimate of the true integrated flux of the [Ol]g3 line emerging from the
warm nuclear region, since in many cases, the absorption dominates the profile.
We note that using a Gaussian profile to extrapolate the line flux requires an as-
sumption of the location of the line center, which may not be accurate, especially
in the case of IRAS F17207--0014. We have tested the relations presented in the
rest of this paper with both the integrated flux and the Gaussian fit, and find it does
not strongly affect the results. Both the observed line fluxes and the gaussian-fit
line fluxes, stated in the parenthesis, are also presented in Table b.2. In the bottom
row of the spectra in Figures p.1], 6.2, and p.3, the PACS line profiles of the three
sample galaxies are presented (NGC 7552, Mrk 331, IRAS F17207--0014).

6.3.2 Classification of CO ladders

In Figure p.4, we present the CO ladders of the full HerCULES sample. We have
collected the available ground based observations of CO J=1-0, 2-1, and 3-2, whose
fluxes and references are listed in Table p.3. Where necessary we have converted the
ground-based measurements to the cosmology adopted here. In order to compare
these CO ladders directly, we have normalized the ladders by the integrated CO
flux summed from J=5-4 through J=13-12, to focus on the relative behavior of
the higher-] transitions since we do not have CO J=1-0 data for all sources. We
excluded the J=4-3 transition since at z > 0.03 the rest frequency of the J=4-3
transition falls short of the SPIRE coverage, even when it is within the spectral
coverage, the signal to noise is often too low to detect the transition. The CO
ladders are separated into three classes based on the parameter «, where:

_ Lco,=12-11 + Lco,=13-12 6.1)
Lco;=5-4+ Lco,=6—5
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Figure 6.1: Top: Herschel SPIRE spectra for NGC 7552 in observed frequency. CO lines are indicated in blue and fine structure lines in pink.
The vertical black dashed line near 920 GHz separates the SLW and SSW arrays. The inset shows a magnified version of the CO J=7-6 and
[Cl]s70 transitions. Bottom: Herschel PACS observations of [Ol]es, [Ol]145, and [ClI] presented in black, with Gaussian fits in red.
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Figure 6.3: Top: Herschel SPIRE spectra for IRAS F17207-0014 in observed frequency. CO lines are indicated in blue and fine structure
lines in pink. The vertical black dashed line near 920 GHz separates the SLW and SSW arrays. The inset shows a magnified version of the
CO J=7-6 and [Cl]370 transitions. Bottom: Herschel PACS observations of [Ol]g3, [Ol]145, and [ClI] presented in black, with Gaussian fits in

red.
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Object J=1-0 Beam FWHM (") Reference | J=2-1 Beam FWHM (") Reference | J=3-2 Beam FWHM (") Reference
Arp 193 0.73 22" P12 6.37 14" P12 13.55 11" P12
Arp 220 1.58 22" P12 8.49 14" P12 41.53 11" P12
Arp 299 223 22" P12 - 49.66 11" P12
ESO 173--G015 - - -

ESO 320--G030 0.68 48" M90 - -

I1C 1623 2.60 22" P12 17.11 52" 104 37.5 11" P12
IC 4687/6 0.42 48" A07 2.65 23" A07 -

IRAS F17207--0014 | 0.59 22" P12 5.06 14" P12 13.22 11" P12
IRAS F05189--2524 | 0.18 22" P12 0.96 14" P12 2.83 11" P12
IRAS F18293--3413 | 2.23 55" G04 - -

TRAS13120--5453 - - -

MGC+12--02--001 - - -

Mrk 231 0.32 22" P12 232 14" P12 6.27 11" P12
Mrk 273 0.30 22" P12 2.00 14" P12 5.35 11" P12
Mrk 331 1.27 55" G04 - -

NGC 34 0.74 48" H98 3.06 23" H98 -

NGC 1068 10.82 22" P12 86.37 14" P12 196.05 11" P12
NGC 1365 13.16 55" G04 18.70 23" H98 53.90 14" 114
NGC 1614 0.79 21" G04 1.54 22" K13 -

NGC 2146 9.53 21" G04 6.91 12.5" BI3 84.46 21" M99
NGC 2623 0.61 22" P12 2.01 14" P12 6.94 11" P12
NGC 3256 3.30 44" A95 53.00 22" A95 -

NGC 4418 0.50 22" P12 - 11.37 11" P12
NGC 5135 1.45 22" P12 9.35 14" P12 22.25 11" P12
NGC 6240 1.21 22" P12 11.17 14" P12 36.00 1" P12
NGC 7469 1.12 22" P12 6.72 14" P12 18.12 11" P12
NGC 7552 3.10 48" C92 21.00 22" A95 26.00 15" 114
NGC 7771 1.33 55" S91 - 10.12 23" NoO5
Zw 049.057 0.45 22" P12 4.58 14" P12 8.06 11" P12

Table 6.3: Ground based CO integrated fluxes from the literature. All units are in 10718 W

m~2.

References are as follows: A95=

| (19958),A07=

E SolomoF‘ (EOOZ—I|) H89= Heckman et all (1989), 104= lono et al
2014 A&A to be submitted, K13= Kénig et all (2013). M90= M

Nauersberger et aIJ (m) NO5=

and references therein, S91=

|brecht et al

irabel et all (199d

(2007), G04= Gad

(2004), 114=lsrael, F.P.,

, M99=

(2008), P12=

Papadopoulos et al

(2012),
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and Loo = 47 D? Foo, with Foo in [W m™=2] (Table p.2) and D? in [m] (listed in
Table p.T)). Here we use two transitions of both the mid- and high-J CO transitions
to help prevent noise or a non-detection of one of these lines from dominating .
We define the three classes as:

* ClassI: < 0.34
* ClassI1: 0.34 < a« < 0.66
* Class III: o > 0.66

'The definition of the classes is quantitatively arbitrary, but chosen to reflect simi-
larities in the spectral line energy distributions, which is illustrated in Figure p.4.
We have linearly interpolated the fluxes for those transitions where we do not have
observations. In the case that we do not observe any of the low-] transitions, we
do not plot any low-]J fluxes. The parameter « is based on the ratio of two high-]J
CO lines to two mid-J CO lines, which essentially defines the drop-oft slope of
the CO ladder from J=5-4. Thus, the steepest drop-offs are in Class I, while the
flattest ladders are in Class III. Class II consists of objects that peak around J=6-5,
but do not fall off as steeply as those of Class I. Our three example galaxies were
selected to fit into these categories, with NGC 7552 as a Class I, Mrk 331 as a
Class II, and IRAS F170207-0014 as a Class III object.

We note that the CO ladders for many Class II and III objects have been
published. In the case of all of these sources, heating mechanisms besides UV
heating are required to explain the high-] CO emission, when also considering
additional constraints. Arp 220 (Rangwala et al] 2011)), Arp 299 (Rosenberg et
al. in press), NGC 253 (Rosenberg et al| 2014), and NGC 6240 (Meijerink et al’
2013) require mechanical heating to reproduce the high-] CO lines, while Mrk
231 (van der Werf et al] 20104) and NGC 1068 (Spinoglio et all 2012) require X-
rays to directly heat the gas in order to reproduce the observed molecular emission.
'This trend suggests that when dealing with highly excited CO ladders, such as in
Class II and especially Class III objects, there is an additional heating mechanism
necessary to explain the observed molecular emission. We will explore this issue
for the full sample in the next section.

6.4 Anadlysis

We will combine our PACS and SPIRE observations of all the major neutral gas
cooling lines ([OI], [CI], [CII], and CO), with ancillary data obtained as part of
'The Great Observatories All-Sky LIRG Survey (GOALS) (Armus et all 2009), in-
cluding the major PDR coolant [SilI] at 34.8 um. We will not be dealing with any
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Class | 0.30, Class Il 0.30, Class Ill
IC 1623 Arp 193 Arp 220
IC 4687, ES0320-G030 Arp 299
IRAS F18293-3413] IRAS F05189-2524 ESO 173-G015

NGC 1365 0.20) NGC 1068, 0.20| IRAS13120-5453
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Figure 6.4: CO spectral line energy distributions for the full HerCULES sample divided into
three classes. Class | (left panel) includes galaxies with o < 0.34, Class Il (center panel) is
where 0.34 < o < 0.66, and Class Ill (right panel) is where 0.66 > «, « is defined in Eq. @
in Section . Where we do not have line transitions, we have linearly interpolated between
the neighboring transitions. If we lack all three ground based transitions, we do not plot any
low-J fluxes.

ionized gas coolants such as [NII], [OIII]. We use the IRAS definition of the far
infrared flux (FIR) as FIR= 1.26 x 107! (2.58 Sgoum+S100um)[W m~2], where
Sy is in units of Jansky [ Jy] (Helou et all 1985)). We then use the luminosity dis-
tances (Dr,), from [Armus et al] (2009), to define the far infrared luminosity (LgR),
making our calculations directly comparable to Stierwalt et al] (2013). When we
refer to the CO flux, we use the sum of the line fluxes from CO J=4-3 through
J=13-12.

641 Warm Qas tracers

In the local universe, the ratio of IRAS 60/100 pm flux densities correlates with in-
frared luminosity (e.g., Dale et al] 2001). It is of interest to determine whether the
IRAS 60/100 psm ratio or LR correlates better with the degree of CO excitation,
as parametrized by a.. Since « represents the slope of the CO ladder above J=5, it
traces the relative brightness of high-]J lines in comparison to mid-] lines, allowing
a rough estimate of overall CO excitation. When « is small, the CO excitation is
low and the CO SLED is declining from mid-]J to high-]J transitions and when « is
large, the CO SLED is flattened and the excitation is high, indicating significant
emission by warm and dense molecular gas. We compare the S¢0.m/S100.m ratio
from Sanders et al] (2003) and the Lgr to the molecular gas excitation (cv). In the
left panel of Figure p.5 the excitation (o) is plotted as a function of Seom/S100.m,
where each circular point is a galaxy in our sample. The best-fit power law is shown
with a red dashed line. In the right panel, a similar correlation between Lyr and
« is shown, with the best-fit power law plotted with a red dashed line. We see



6.4 Analysis 135

that although both panels show a positive trend, the correlation found with the
S60um/S100um ratio is tighter than that seen with the Lpr. The molecular gas ex-
citation to infrared color relation has a correlation coefficient of an r=0.67, while
the excitation to LR relation has a correlation coeflicient of an r=0.38. Although
the excitation to infrared color relationship is significantly correlated, there are
three outliers (shown in red in the left panel of Figure p.5), IC 1623, IC 4687,
and NGC 1614. We also select the three farthest outliers, based on the Euclidean
distance, in the o to Lyyg relation (IC 1623, IC 4678, and IRAS F18293--3413),
also plotted as red points in the right panel. To test the strength of the correlations,
we refit a power law excluding the three outliers in each plot, which are marked in
red. The new best-fit is plotted as the blue solid line in Figure p.5. Although the
exclusion of these points does not result in a significant change in the best fit in
either case, it does improve the correlation coefficients, resulting in a correlation
coeflicient of an r=0.74 for the molecular gas excitation to infrared color correla-
tion, and an r=0.56 for the molecular gas excitation to Lyjr relation. Physically,
this suggests that the presence of warm, dense molecular gas, is correlated with the
presence of warm dust. It is, however, important to note that, once removing the
outliers, the correlation between o and LyyR is also significant, with a 1.6% prob-
ability of this relation being spurious. Further, since the IRAS 60/100 pum ratio is
shown to correlate with LR, these two quantities are likely related by underlying
variables, making this correlation difficult to interpret. We note however that [Lu
et al] (2014) compared specific CO line transitions normalized by FIR and the
IRAS 60/100 pm flux ratio. They find that as the CO gas becomes warmer, the
60/100 pum ratio also increases, which is in agreement with our results. Similarly,
Diaz-Santos et al] (2013) show that the [ CII] deficit is also better correlated to the
IRAS 60/100 pm ratio than to the Lgig.

642 Cooling budget

We can calculate the neutral gas cooling budget in each galaxy by summing the
luminosities of the [OI], [CI], [SilI], [CII], and CO lines, since these are the
main neutral gas coolants in the mid- and far-infrared regime. We take the [SilI]
fluxes from [nami et al] (2013), which were observed with the Spizzer IRS in-
strument in the long wavelength, high resolution mode. In Figure p.€, we present
the percentage of cooling contributed by each emission line as a function of Lgg.
The percentage cooling for each species is calculated by comparing the luminosity
of a species to the total summed luminosity of the [OI], [CI], [Sill], [CII], and
CO lines. We exclude three galaxies based on their [Ol]g3 profiles, Arp 220 that
is fully in absorption, and NGC 4418 and Zw 049.057, which are both heavily
absorbed and show inverse P-Cygni profiles (Gonzilez-Alfonso et al] 2012). For
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Figure 6.5: Left panel: The gas excitation («, for a definition see Section ) plotted
against the IRAS infrared color (Sgopm/S100pem), each square is a galaxy in our sample. The
dashed line and top r value represents the least squares fit and correlation coefficient (r) for
the full sample. The three circles represent the the most extreme outliers (largest Euclidean
distance value) in the relation (IC 1623, IC 4678, and NGC 1614). The solid line and the
bottom 7 value represent the best fit and correlation coefficient for the sample excluding the
three most extreme outliers. Right panel: The same as the left panel but the gas excitation
is plotted against the Lpg, calculated in Section @ The three outliers in this case are IC
1623, IC 4678, and IRAS F18293-3413.
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each galaxy, the percent of cooling contributed by [CI]g09 and [CI]37¢ is plotted as
ayellow circle, CO J=4-3 through J=13-12 in red, [SilI] in blue, and the combined
cooling of [OI] 63pm, [OI] 145um, and [CII] is plotted in green. In the bottom
panel of Figure p.6, we separate the cooling contributions of [OI] and [CII]. The
solid lines show the mean percent-cooling for each emitting species. For example,
the neutral atomic carbon is responsible for no more than 2% of the total cool-
ing with an average cooling contribution of 1.5%, while CO contributes a mean
of 10.8%, and [SilI] contributes 24.2%. There are two galaxies with exceedingly
high CO cooling percentages, namely IRAS F05189--2524 and Mrk 231, the two
strongest AGN in the sample. Very high CO cooling percentages have also been
noted in the massive Galactic star forming region W3 with 32% total gas cooling
(Kramer et al] 2004), and even higher percentages in DR21 (Jakob et al] 2007). In
both cases, the high CO percentage is attributed to self absorption of the [OlI]g3
line, yet we calculate our fluxes both with the Gaussian and observed [OlI]g3 line
fluxes and see little change. The most efficient coolants are [OI] and [CII], which
together provide a mean of 63.7% of the total gas cooling budget. Separating their
cooling contributions, [CII] provides a mean cooling percentage of 33.6% and
[OI] cools a mean of 30.1% of the gas. The mean cooling percentages and their
standard deviations are shown in Table p.4. Inspection of Figure b.6 shows that
the outliers are randomly distributed, and there is no clear trend of outliers as a
function of LgyR.

Table 6.4: Mean and standard deviation of percent cooling contribution.

Line Mean | Std. Devw.
[CI] + [Oljg34145 | 637 | 143
[C11] 33.6 9.1
[Ollg34145 30.1 11.8
[SiI] 242 9.9
12, CO; 10.8 10.0
2, [CI]; 1.5 0.9

It is interesting to note how constant each cooling range is as a function of
Lyg. It is a well known phenomenon that as far infrared luminosity increases,
an apparent [CII] deficit is observed in the local Universe (Malhotra et al] 2001}
Luhman et al] 2003; [Diaz-Santos et al] 2013), in terms of the [CII]/FIR ratio. In
addition, Gracid-Carpio et all (2017) find a fine-structure line deficit in [NII] and
[OI] as well. One corollary to this fine-structure line deficit is that other (molec-
ular) coolants could become more efficient at higher Lyir. However, as shown in
Figure .6, the relative efficiencies of each coolant remain mostly constant. In or-
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Figure 6.6: Top: Percentage of line cooling of the total gas cooling from each observed species as a function of Lgr. Given are absolute, not
cumulative percentages. The yellow triangles are the percentage of cooling from [Cl]soe and [Cl]s7o, the red circles are the cooling from CO
(4< Jupp < 13), the blue stars are the cooling from [Sill], and the green pentagons are from [Ol]34145+[Cll]. The colored lines represent
the mean cooling percentages for each coolant. We exclude galaxies that show [Ol] in absorption (Arp 220), or show a complex line profile
(NGC 4418 and Zw 049.057). Bottom: Same as top but separating the cooling contributions of [ClI] (cyan squares) and [Ol]e3+145 (magenta
diamonds).



6.4 Analysis
0.006 :
0.005 [Cll]1s7 |
« 0.004
T NGC 6240
5 0.003 "
S 0.002 -
'I.'=.'
0.001 B . . R
g "= [l
0.008 05 1.0 15 20
Lem ILs 10
0.0025 Fi [Lol X
NGC 6240 [Sill]s48
0.0020}
o *x
T 0.0015] 4 #x
@
3 *x *
= 0.0010* « *
n
= *
0.0005| 4% * .
* *
- * * * *
0.0008 53— 1.0 15 20
Lem [L- 10
0.00020 paltel %
2
Z,‘:1[C|]j
0.00015} ]
[as
= v NGC 6240
& 0.00010} |
-l v
2 o.ooooa@ w @ v
o
vv v v
0.00008 5 05 1.0 15 2.0
Leir [Lo] x10"2

[Ol]e3+[O11145)/FIR

0.006
0.005
0.004
0.003
0.002

~ 0.001

Total Gas Cooling / FIR

Nac Baso [Ol]e3+[Ol]145
X
.
o 7o °
* ¢
2 hd °
) 05 1.0 15 2.0
Lrir [Lo] %102
13
GC 6240 2j=4C0;
®
”..Q ® q¢ © o ©
0 05 1.0 15 2.0
Lrig [Lel %1012
NGC 6240 °
SJICII+OI[Sill+CO+(CI] |*
..
o"’ 0
* *
* *
o *
*
0 05 1.0 15 2.0
Leir [Lo] %102

139

Class |
Class Il
Class Il

Figure 6.7: The ratio of line fluxes to far infrared flux (FIR) plotted as a function of far
infrared luminosity (Lrr) (both defined in Section
[Sill] (middle left), CO (middle right), [Cl] (bottom left), and the total cooling (bottom
right). The Lpr of each source was calculated using the method described in Section

and follows the definition of Helou et al} (1988). The [OI] flux is derived from the sum of
[Ol]l6s and [Ol]145, the CO flux is the sum of line transitions from J=4-3 to J=13-12, and
the [CI] flux is the sum of [Cl]gog and [Cl]370. The total cooling refers to the total neutral gas
cooling and includes all aforementioned fluxes fluxes. We exclude Arp 220, NGC 4418, and
Zw 049.057 from the [Ol] and total deficit plots, since we only observe these lines in full or
partial absorption and can thus not get a flux estimate.

)for [CII] (top left), [Ol] (top right),
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der to better understand this phenomenon, we plot the [CII] deficit ([CII] to FIR
ratio), as a function of Lpyg in the top left corner of Figure p.7. For comparison,
we plot the same ratios but for the [Ol]g3+145, [SilI], CO, and [CI] lines, where
the CO lines encompass all transitions 4< Jyp, < 13 and [CI] is the sum of both
[Cl]e09 and [CI]370. We see a clear deficit in [CII], agreeing with the observations
from [Diaz-Santos et al] (2013). Since our sample spans a smaller luminosity range
than [Diaz-Santos et al] (2013), our deficit only spans a factor of 2 in the [CII]/FIR
ratio, while in the GOALS sample, it spans an order of magnitude. Thus, we plot
the deficit in linear space and see clearly that the only points with a high [CII]/FIR
ratio are those of lower Lyr. We see a similar trend in [SilI] and [CI], where the
latter has also been observed from ground based observatories (Gerin & Phillips
1998, 2000). The [OI] shows a tentative line deficit, which becomes clear when we
include galaxies of higher IR luminosities Gracia-Carpio et al] (2011). Although
we find evidence of line deficits in [CII], [OI], [SilI], and [CI], this deficit is not
observed in CO, which shows a particularly flat distribution over LR, further
strengthening the results from Lu et all (2014). In all panels, NGC 6240 is an
extreme outlier, as was also noted in [Lu et al] (2014).

'The difference between the molecular and fine structure emission can be un-
derstood in terms of heating mechanisms. The fine structure lines are originating
from regions that are heavily affected by UV photons, at the edges of PDRs. As
shown in the PDR models from Kaufman et al! (1999), as the radiation field and
density increase, the fine structure line emission is expected to weaken compared
to the far infrared flux. However, this does not apply for the molecular gas (CO),
where we see no line deficit. This result may not be surprising since CO traces the
molecular gas deeper in molecular clouds, where the UV field is significantly at-
tenuated. We can test the gas versus dust cooling efficiency by plotting the ratio of
the total gas cooling to the far infrared flux as a function of Lyjr, which is shown
in the bottom right panel of Figure p.7. Here, it is clear that the trend is decreasing
in a very similar manner to that of the fine structure lines. Therefore, we can say
that the fine structure line deficit is actually a gas cooling deficit in comparison to
the FIR flux that is a result of UV heating becoming a more efficient coolant of
dust in exceedingly extreme environments. It is critical to note that the fine struc-
ture line fluxes are not decreasing in absolute flux, but their relative contribution in
comparison to the warm dust (measured with the FIR flux) is decreasing, due to
the warm dust becoming increasingly efficient at a faster rate than the gas coolants.

However, if the neutral gas cooling efficiency is decreasing, and we observe a
line deficit in all species except for CO, then we would expect the percentage of CO
cooling to increase slightly as a function of Lyyr, to compensate for the decreasing
fine structure line cooling efficiency. We do see a slight increase in the percentage
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of CO cooling, but the trend is tentative and within the general scatter of the other
CO cooling percentages. In addition, the galaxies with high Lyr have flatter CO
ladders, meaning there is non-negligible flux in high-J (J> 13) transitions, that we
do not account for in our cooling budget. This missed high-J flux would increase
the CO cooling percentage, and could make the CO cooling budget increase for
higher luminosity sources. Since we only have four galaxies in our sample within
the range that we would expect to see an elevated CO cooling percentage, we would
need to increase our sample size in the high luminosity regime to determine if this
trend is real.

These results have several implications. Firstly, it is unlikely that the [CII] line
deficit could be caused by high dust opacities at 158 ysm, since the line deficit is also
observed in lines of much longer wavelengths, notably the [CI] line. Similarly, the
line deficits are not likely caused by the line being optically thick, since the deficit
is also observed in the optically thin [CI] lines, which agrees with the results of
Diaz-Santos et al] (2013). A likely explanation is star formation dominated by
ultracompact HII regions, which would suppress all fine-structure lines due to an
increase of dust competition for UV photons. This is further supported by the
fact that the total gas cooling ([CII]+[OI]+CO+[CI]) decreases as a function of
Ly1r, meaning that dust becomes an even more efficient coolant as the infrared
luminosity increases. Since high-z galaxies often have high LR, this would place
them in the high density regime, which would further drive star formation, since
the star formation rate is proportional to the amount of dense gas (e.g., Gao &
Solomor 2004).

The lack of a strong CO-line deficit shows that the bulk of the molecular gas
heating is not affected by the mechanism suppressing the fine structure lines. This
is interesting, since in a UV-photon heated environment, suppressing the UV field
implies a reduced heating rate, and therefore also a lack of warm molecular gas
might be expected. We also note that the integrated CO luminosity, that represents
10s of percent of the total gas cooling, is much more than what is predicted by any
pure PDR model, which give a CO cooling fraction of at most a few percent of
the total gas cooling (e.g., Meijerink et al] 2011)). This result suggests that the CO
luminosity may be powered by a different heating mechanism, which does not lead
to dissociation or ionization.

643  Heating Mechanisms

'The CO molecule can be heated indirectly through the photoelectric effect by ul-
traviolet (UV) photons, or by fast electrons from directly ionized H and Hy by
X-rays, cosmic rays (Meijerink & Spaang 2005), or mechanical processes, which
includes shocks and turbulence. X-rays heat gas by ionizing H and Hy directly,
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and these fast electrons then thermalize the molecular gas with an efficiency of
10%. UV photons ionize PAHs and dust grains, and the resulting free electrons
heat the molecular gas with a net efficiency of 1-3%. In addition, the chemistry in
an XDR is driven by X-ray photons instead of FUV photons that are able to pen-
etrate further into the cloud without efficiently heating the dust at the same time.
These X-rays are mostly produced by active galactic nuclei (AGN) or in areas of
extreme massive star formation. Cosmic rays can also heat the gas by penetrating
into cloud centers, similarly to X-rays, and are typically produced by supernovae.
Mechanical heating is another efficient source of gas heating. This is commonly
attributed to turbulence in the ISM, which may be driven by supernovae, strong
stellar winds, jets, galaxy mergers, cloud-cloud shocks, shear in the gaseous disk,
or outflows.

To investigate the main mechanism heating the molecular gas, we use another
diagnostic molecule, namely polycyclic aromatic hydrocarbons (PAHs). PAHs are
carbonaceous, nanometer sized macromolecules that contain 50-100 carbon atoms
with an abundance of 10~7 per hydrogen atom (Iielens 2008H). The absorption
of one far-UV photon is enough to heat the PAH molecule to a high tempera-
ture and will cause this molecule to emit in the characteristic bands at 3.3, 6.2,
7.7, 8.6, and 11.2 um (Tieleng 2008b, and references therein). Because PAHs are
only fluorescently excited, and are easily destroyed by more energetic radiation,
they are ideal tracers of UV heating. Thus, we can use the equivalent width of
the 6.2 pm feature from the Spirzer Space Telescope (Stierwalt et al] 2013), as
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a proxy for the UV energy density. In Figure .8, we compare the PAH equiva-
lent width to the percentage of the total gas cooling done by CO, as calculated in
Section [p.4.2. Class I objects have the steepest decreasing CO SLED, high PAH
equivalent widths (EW), and low percentages of CO cooling. On the other hand,
Class I and Class III objects with high percentages of CO cooling have low PAH
equivalent widths. We note that the two objects with very low PAH equivalent
widths are the most AGN-dominated objects in our sample (Mrk 231 and IRAS
F05189--2524), where PAH destruction by X-rays and nuclear hot dust combine
to strongly lower the PAH equivalent width. The high CO cooling fractions of
these objects can likewise be attributed to energy input by the AGN (through
X-ray heating or mechanical energy input from an AGN-driven outflow). These
trends reinforce the idea that in objects with the high CO cooling fraction, the
CO is efficiently excited by something besides UV photons.

We now compare our o parameter with the CO J=1-0 linewidth for the sources
in our sample (Figure p.9). We correct the linewidth for inclination such that all
galaxies are effectively turned edge on using the K-band axis ratio from 2MASS,
with the exception of Arp 220 and NGC 6240. For Arp 220 we used the incli-
nation derived by Scoville et all (1997) using arcsecond imaging of CO J=1-0 and
for NGC 6240 we used the inclination derived by Engel et all (2010) using sub-
arcsecond near-infrared imaging. The range of Class I objects is highlighted with
ared, Class II with a green, and Class III with a blue background.

'The linewidths are dominated by rotation, and therefore depend mostly on
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the mass in the nuclear regions of our targeted galaxies. Merging and interac-
tion, molecular outflows, and random motions may all play a role in increasing the
linewidths, but are not expected to dominate the linewidths of our target sources.
Therefore, Figure p.9 shows that higher levels of excitation occur in more massive
host galaxies, assuming the velocities are attributed to regular rotation. However,
the inclination-corrected linewidths also correlate with the amount of mechanical
energy that is available in the molecular gas component associated with the galaxy
nucleus. If the fraction of mechanical energy that is converted into heating the
molecular gas was constant, then the high linewidth galaxies in Figure 6.9 could
be attributed to mechanical heating. However, establishing this result would re-
quire a detailed study of the velocity fields of the molecular gas in all of our targets.
Since such data is not available, all we suggest is that the linewidth provides an
estimate of the available reservoir of mechanical energy, but we remain agnostic as
to the extent that this reservoir is actually tapped.

Inspecting Figure p.9 with these considerations in mind, the fact that low-
excitation galaxies all have the smallest linewidths, while high-excitation galaxies
have a range of linewidths has an attractive physical interpretation. In high exci-
tation galaxies with high linewidths, mechanical energy input is a viable source of
excitation, while in high excitation galaxies with low linewidths, radiative energy
input may be more important. Indeed, in Fig. 10, the lowest linewidths among
high excitation galaxies are found in Mrk 231 and NGC 4418 (an exposed and an
obscured AGN, respectively).

Class I and II objects with low linewidths are likely dominated by UV heat-
ing, since their CO ladders turn around somewhere before J=7-6. For comparison,
we have highlighted the position of our three example galaxies, NGC 7552 (Class
I), Mrk 331 (Class II), and IRAS F1207-0014 (Class III), as well as some of the
more famous galaxies in our sample. The major merger galaxies NGC 6240 and
Arp 220 have high « values and linewidths around 650 km/s. On the other hand,
the strongest AGN in our sample, Mrk 231, lies in the low linewidth region of
Class III, suggesting that its gas is radiatively heated, likely by X-rays from the
AGN. This confirms the results of yan der Werf et al| (2010a), where they find the
high-J CO excitation to be caused by an XDR. The other two galaxies with AGN
contribution are NGC 1068 and IRAS F05189--2524, both of which are Class 11
objects that lie in the low linewidth region, suggesting that they are also radiatively
excited. However, since both of these objects lie in Class II (albeit on the border
between Class II and III), it is unclear whether their excitation is from UV, higher
energy photons, or cosmic rays. Both NGC 1068 and IRAS F05189--2524 have
also been studied in detail by Spinoglio et all (2012) and Pereira-Santaella et al
(2014) respectively. For NGC 1068, Spinoglio et al] (2012) and Garcia-Burillg
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et al. (2014) find that indeed, the excitation is due to either XDRs (in the circum-
nuclear disk) or PDRs (in the star-forming ring), which agree with our results.
In IRAS F05189--2524, Pereira-Santaella et al| (2014) find that there is a large
contribution from mechanical heating in this source, as traced by a shallow Hj
temperature distribution, yet they cannot rule out the AGN as an important heat-
ing source for the molecular gas.

In order to examine this method vis-a-vis the role of AGNs and to determine
additional heating sources, and to check if there are any underlying biases in the
J=1-0 linewidth, we can compare the inclination corrected linewidths with the
percentage AGN contribution for each galaxy. The AGN contribution can be esti-
mated using both the 15/30 pm flux density ratio (f15/ f30)and the [NeV ]/[NelI]
ratio along with the prescriptions from [Veilleux et al] (2009). We take the f15/ 30
ratio from Stierwalt et al] (2013) and the [NeV]/[Nell] ratio from [nami et al!
(2013). We average the results of the AGN contribution from both methods and
find average AGN contributions ranging from to 0-95% of the bolometric lumi-
nosity. For the high excitation sources (Class II and Class I1I), we use the average
AGN contribution in combination with the inclination corrected linewidth to sep-
arate mechanical heating from AGN heating. In Figure p.10, we plot the AGN
contribution on the x-axis and the inclination corrected CO J=1-0 linewidth along
the y-axis. This scatter plot shows that for our high-excitation galaxies, very high
linewidths are not associated with high AGN contributions and conversely the
galaxies with high AGN contributions do not display high linewiths.
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For example, we can compare Arp 220 and Mrk 231. Both galaxies have high
« values, but Arp 220 has a high linewidth and a low AGN contribution, while
Mrk 231 has a low linewidth and a high AGN contribution. Comparing NGC
6240 and Arp 220 reveals that although both have high linewidths and « values,
NGC 6240 also has a high AGN contribution. This suggests that both the AGN
and mechanical processes are contributing to heating the gas in NGC 6240.

It is difficult to conclude anything definitive about objects that show average or
typical values of v or linewidths. It is also important to note that although there is
a non-negligible contribution of heating from mechanical processes or the AGN
in Class III galaxies, the gas is still mostly heated through UV heating processes.
We caution the use of any two of these diagnostics alone, since for example, a Class
III object with a low linewidth may still be mechanically heated by small-scale tur-
bulence that would not produce an observable line broadening aftect. In this case,
the AGN contribution would be low, but the o would be high, discounting AGN
heating. Using all three parameters simultaneously renders a qualitative estimate
of which additional processes are exciting the warmest molecular gas.

65 Conclusion

We report the initial results of the Herschel Open Time Key Project Herschel
Comprehensive (U)LIRG Survey (HerCULES). Both Herschel//SPIRE spectra
and Herschel/PACS [OI]63, [OI]145 and [CII] line profiles of a sample of 29
galaxies spanning an order of magnitude of infrared luminosity were analyzed.
Our main results are summarized below:

* Luminous galaxies can be separated into three classes based on the parameter
«, which we define as the ratio of the high-] to mid-J CO transitions.

a = Lco,=12-11 + Lco,=13-12/Lco,=5—-4 + Lco,—6—5

Class I (o < 0.34) is characterized with a CO SLED peak around J=5 and
a steep decline towards higher J transitions. Class II (0.34 < o < 0.66) has
a CO SLED peak around J=7-6 and a shallower decline towards higher J
transitions. Class III (cv > 0.66) show very flat CO ladders. We present the
spectra of three example galaxies for each of these three categories.

* We find that molecular gas excitation (approximated by ) is well correlated
with the infrared color (as traced by Sgo/S100), and not as well correlated
with the Lyir.

* 'The cooling budgets of the galaxies are presented. We find that the percent-
age of cooling from each species ([CI], CO, [CII], [Sill], and [OI]) appears
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to be constant over the full range of Lgigr. There is indication of a slight in-
crease in the percentage of CO cooling at higher Lpg.

* We detect [CII], [SilI], and [CI] deficits (i.e., the [CII]/FIR ratio decreases
with Lrrg), and also a weak [OI] deficit for the high luminosity galaxies. On
the other hand, we observe no CO deficit, the CO/FIR ratio is very constant
for all Lgrr. Thus, the fine structure line deficits reflect a decrease in the
total gas heating efficiency with increasing L g r. The fact that we observe a
deficit in all fine structure lines but not in the molecular gas suggests that the
mechanism responsible for heating the [CII], [OI], [Sill], and [CI], is not
the same mechanism responsible for heating the CO. The CO may instead
be affected by a heating mechanism that is immune to this deficit.

* Using the PAH 6.2 pm equivalent width as a proxy for the importance of
massive star formation and therefore UV excitation, we find that when the
cooling efficiency of CO is high, the amount of UV heating is low. This again

indicates that CO is more efficiently heated by another mechanism.

* We suggest a qualitative schematic based on c, the CO J=1-0 linewidth, and
the AGN contribution, that helps indicate which additional mechanism, if
any, is heating the gas. Class I galaxies with a low o (o < 0.34) do not
require any heating in addition to UV-heating to explain the observations.
Class III galaxies with high linewidths and low AGN contributions prob-
ably require mechanical, in addition to UV heating. Class III galaxies with
narrow linewidths and large AGN contributions are experiencing excitation
from harder radiation (X-rays or cosmic rays). Class III objects with wide
linewidths and high AGN contributions are composite galaxies that are be-
ing heated by both mechanical processes and the AGN. For the objects that
have median a, linewidth, or AGN contribution values, such as many Class
IT objects, it is not possible to discriminate which heating mechanisms are
affecting the gas without additional information.
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/ Outlook

In this thesis, I have studied the extreme environment of galaxy centers by un-
derstanding the conditions of the the molecular gas, that act as the fuel for star
formation. The fundamentals of star formation can be understood as a balance
between the available molecular gas supply and feedback processes. By observing
transitions of molecular and atomic species, we have determined the mechanisms
that are heating the gas, the gas density, radiation environment, and mass. We
first focus on an isolated typical starburst galaxy, NGC 253. We use various near-
and mid-infrared diagnostic emission lines to determine whether the Hy gas is
being fluorescently or shock excited. Then, since the near-infrared Hp lines rep-
resent only the hottest molecular gas at the very edge of clouds, we study the CO
in NGC 253 to see which mechanism is exciting the bulk of the molecular gas. In
both cases, we find about 30% of the molecular gas must be heated by mechanical
processes. This means that the other 70% of the gas is being heated by UV photons,
thus UV heating remains the dominant heating mechanism. However, unlike the
previous idea that UV heating is the only important mechanism for heating the
gas, we find that we cannot explain the atomic and molecular emission without
including mechanical heating. In general, this suggests that PDR models employ-
ing only UV heating can account for the bulk of the molecular gas mass, but when
discussing the most excited molecular gas, it is necessary to include mechanical
processes.

We then expand the study to a more luminous interacting galaxy group, Arp
299, in order to test which mechanisms are dominant in a more complex and ex-
treme environment. Arp 299 is an ongoing merger, one nucleus harbors an AGN
and one nucleus harbors a powerful starburst. We find that the AGN nucleus also
requires mechanical heating, and although it harbors an AGN, there is no sig-
nificant heating contribution from X-rays. On the other hand, the starburst nu-
cleus is purely radiatively excited. Finally, we use a statistically complete sample of
(U)LIRGsS to study the gas excitation on a larger luminosity scale. We present a
diagnostic diagram that attempts to separate heating mechanisms based on the ro-
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tational CO transitions, the linewidth of the CO J=1-0 line, and the contribution
of the AGN to the total bolometric luminosity. Again, the results of this sample
suggest that in any galaxy with an excited CO ladder, an additional heating source
is required to explain the high-J] CO emission (the flattened CO ladder). In many
cases, the additional source is mechanical heating, yet in the case of strong AGNss,
X-ray heating can become an important heating source. By using a combination
of diagnostics, it is possible to discern what additional heating is needed. It is im-
portant to keep in mind that although additional heating is necessary, it still only
represents a minority of the gas heating, the majority of gas is heated through UV
processes.

/1" Heating Mechanisms

The overarching question of this thesis is what is heating the molecular, star-
forming gas in the extreme environments of starburst nuclei. We know that in
these regions we are potentially dealing with a multitude of excitation mechanisms:
UV radiation, X-ray radiation, cosmic rays, turbulence, outflows, shocks, etc. We
also know that all of these can play a role in heating molecular gas. The new re-
sults from Herschel have found that in most starburst and (U)LIRG systems, UV
heating alone is not enough to excite the gas. Although the 2CO emission can be
fit by many emission models, even pure PDR models with only UV heating, the
inclusion of additional constraints from other molecules or dust emission strongly
suggest UV heating is not the sole mechanism. This begs the question: which other
mechanisms are responsible for the highly excited molecular gas? Is it always the
same mechanism, or does it simply depend on the type of galaxy? From the studies
in this thesis, it appears that mechanical heating is the only mechanism that can
account for the emission of all the observed molecules, even in Arp 299 A which
has a confirmed AGN. Similarly NGC 1068, NGC 6240, and Arp 220 which
each harbor AGN, all show signs of mechanical heating. Mrk 231 is the strongest
AGN in the HerCULES sample, and although it has a very high (~70%) AGN
contribution to the bolometric luminosity, the molecular gas is better fit using me-
chanically heated models than XDR models. In the case of confirmed AGN, why
don't the X-rays play a larger role in heating the gas? One possibility is that they are
heating the gas, but only a small amount that is directly surrounding the AGN. The
physical beam size for Arp 299 A is 8.7 kpc, thus we are taking the beam-averaged
emission from the entire region, and the small area around the AGN is likely aver-
aged out. Schleicher et al] (2010) estimate the influence sphere of an XDR region
surrounding a 107 Mg, black hole using the cross section of helium and hydro-
gen. They find the XDR to be effective up to 100 pc, yet since they only use the
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helium and hydrogen cross sections, we expect this number to be even smaller if
other molecules are considered. In addition, radiative processes including UV, X-
ray, and cosmic ray heating all decrease in intensity as a function of 72 from the
emitting source, where mechanical heating can permeate the ISM without being
absorbed. Therefore, it would require the spatial resolution of ALMA to truly re-
solve the XDR heated region around the AGN. An ALMA observation of HCN
and HNC in the nucleus of an AGN would allow for the determination of XDR
and PDR heating.

Similarly to X-rays, cosmic rays do not appear to be a dominant heating source.
Even with a cosmic ray ionization rate of 1000 times the Milky Way value, the
cosmic rays contribute less than 1% of the total gas heating at Ay =5. This is due
to the fact that the cosmic ray heating rate is determined only by the ionization
rate and the volume density of Hy ([I'ielens & Hollenbach 1983). Therefore, the
heating rate of cosmic rays stays constant once the H is all converted into Hoy.
Only in the case of pure UV heating (no mechanical component) would the cosmic
rays eventually dominate the heating, since the UV flux drops oft quickly as the
column density increases. If mechanical heating was included, it would continue
to dominate the cosmic ray heating, since the mechanical heating is not affected by
cloud depth. Thus, cosmic ray heating could play a role in heating the very cores
of high column density clouds in regions free of mechanical heating. However,
using the observed 2CO to 1¥CO ratio, we determine the column density of the
average observed molecular clouds to be around Ay =5. In a cloud this small, the
surface heating of the PDR is still strong, meaning the cloud is not deep enough for
cosmic rays to dominate over UV heating. We expect a cloud of Ay, > 15, with an
enhanced cosmic ray ionization rate and no mechanical heating to be dominated
by cosmic ray heating. Yet in the extreme environments of (U)LIRGs, mechanical
heating is often required, thus always overpowering the effect of cosmic rays.

Although additional heating is necessary to explain the observed emission, UV
heating is still the dominant heating source. Even in the case of NGC 253, where
all ISM phases require mechanical heating, UV heating represents 75% of the total
gas heating. It is interested an new to discover which mechanism is responsible for
heating the highest excitation gas, yet it is still the UV heating that is the dom-
inant mechanism. This suggests that it is the star-formation itself that is driving
the excitation of the molecular gas, and perhaps also driving the source of the me-
chanical heating. Figure [/.]] is a scheme of when specific heating mechanisms are
applicable, their sources, and to what extent they are able to heat the gas.
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Figure 7.1: Schematic view of the dominant molecular gas heating mechanisms; UV heating
(PDR), X-ray heating (XDR), cosmic ray heating (CDR), and mechanical heating. The first
column presents the source of the heating, the second column outlines the location that this
heating takes place, and the third column shows the size of the affected region.
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/.2 Mechanical Heating

Since mechanical heating is required to explain the observed molecular emission,
it is crucial to understand empirically what this actually means. The way mechan-
ical heating is added to the models is by including a constant additional heating
term into the thermal balance equations. This heating term is calculated as some
percentage of the UV heating at the surface of the PDR, the lowest amount being
0.1% of the initial UV heating. The inclusion of mechanical heating has the at-
tractive benefit of being able to explain the emission of many molecules including
12CO, 3CO, HCN, and HNC thus far. As discussed in the introduction, in all
current emission models (PDR and XDR), the biggest difficulty is that models
cannot reproduce the bright [CI] observed in galaxies. It is still unknown if me-
chanical heating models solve the [CI] under-production problem, yet this could
be a strong piece of evidence in support of mechanical heating.

One critical restriction to what we call 'mechanical heating' is that we imple-
ment it more honestly as simply additional heating. We apply a heating plateau
evenly throughout the PDR, and it seems to account for all the previous prob-
lems. We add no underlying physics, and to that end, have no specific shock or
turbulence driven chemistry. Including actual mechanical processes to create me-
chanical heating is currently being implemented in models (Kazandjian et al. in
prep.), but is still in the experimental phase. The physical interpretation of this ad-
ditional heating is that it is mechanical, since it can increase the temperature of the
gas while not affecting the chemistry. However, it could be equally possible that
there is another element that we are missing, that is causing our PDRs to con-
sistently underestimate the amount of heating available. One other possibility is
that PDRs have an inherent pressure gradient, where the high density molecules
are at the highest pressures and the atoms are at lower pressures. This gradient,
along with the power of the ionization source, would cause this PDR to contin-
ually evaporate. This turbulent motion of evaporation could also account for the
additional heating needed to reproduce the emission (Joblin & Tieleng 2013).

Since we have not yet identified the source of mechanical heating, we cannot
know if the simple approach of an additional heating term is a reasonable approx-
imation. If the source of the mechanical heating is some widespread turbulence,
then this approximation is not unreasonable. However, if it is shocks that are heat-
ing the gas, a much more in depth treatment of the chemistry is required. Again,
using ALMAs spatial resolution, we can probe the areas where mechanical heating
is dominant. If it is important equally throughout the whole galaxy center, than the
current approximation is useful. If we see isolated regions of strongly mechanically
heated gas, then we must treat this modeling more carefully.
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/.3 Modeling *2CO

As discussed at the end of Chapter [, 2CO is a very poor diagnostic molecule. It is
bright, has many observable transitions, and is the second most abundant molecule
in the Universe. However, it does not yield much quantitative information, only the
proof that there is molecular gas present and some general indications about tem-
peratures. By using models to recreate observations, we are essentially attempting
reverse engineering the emission, even though the process is not directly reversible.
For example, given a PDR with a specific density, temperature, and column den-
sity, there is only one possible solution for the molecular emission. But if we have
only the molecular emission, and attempt to measure the density, temperature, and
column density, there are multiple solutions that yield the same observed outcome.
Therefore, it is critical for astronomers to understand the limitations of coming
to quantitative conclusions from observations of 12CO. Without isotopes such as
13CO and C'O to constrain column density, an accurate gas mass is unachiev-
able. In addition, without the inclusion of specific tracer molecules to constrain
density, such as (but not limited to) HCN, HNC, and HCO™, the mid- and
high- excitation components are not constrained. Even when using these tracers,
it is important to keep in mind that their chemistry is not always straight forward.
For example, HCO™ has a very complex abundance pattern that is highly depen-
dent on column density (Meijerink et al] 2011)). Many chemical models do not
incorporate this complexity into their models. In general, it is also important to
keep in mind that there are still large variations within PDR models themselves.
During the conference 'Exciting CO in the Local and High-Redshift Universe'
(Leiden, Netherlands 2012), all available PDR codes were tested, to determine
the differences and try to create a benchmark to promote uniformity among the
codes. Even at the end of this conference, different models produce CO ladders
that vary greatly in the high-J regime, especially for high density PDREs.

'The future study of molecular gas in extreme environments must be attacked
from three different angles simultaneously. Firstly, observations will allow astronomers
to formulate new questions about the gas emission, excitation, and chemistry. Sec-
ondly, the emission process needs to be studied further so that models are in agree-
ment. Thirdly, the models need to be advanced, taken to two and three dimensions,
and to implement mechanical heating using underlying physical mechanisms and
shock chemistry. Future observations must focus on spatially resolving the com-
plex chemistry of galaxy centers. For example, [[akano et al] (2014) have already
shown the strength of ALMA imaging in the center of NGC 1068, where the high
HCO™ to HCN ratio surrounding the AGN shows the direct affect of X-ray heat-

ing. In a similar manner, ALMA or other interferometer sub-millimeter arrays can



7.3 Modeling 2co 155

study mechanical heating, by using high spatial resolution maps of characteristic
line ratios to determine if mechanical heating is isolated around shock sources, or
more widespread through the galaxy center. In order to interpret the chemical ra-
tios observed, it is critical to have emission models that agree with one another.
Currently, the disparity in the models is due to poorly known chemical reaction
rates, heating and cooling rates, and Hj formation rates, among other factors. The
differences in the models are most pronounced when dealing with high radiation
fluxes, which are the most relevant models for galactic center environments. Thus,
studying these rates will allow a realistic benchmark for all of the emission models.
In the meantime, implementing mechanical heating in a physically and chemically
accurate way is the next major step for emission models. Since mechanical heating
involves kinematics, it is a logical next step to use two or three dimensional models
to determine where the mechanical heating is strongest and how it permeates the
ISM.

In summary, it is very difficult to measure the physical properties of molecular
gas from observing the emission. Both the degeneracy inherent in reverse engi-
neering emission and the inconsistency of the models themselves, make the task
of probing the properties of the ISM extremely difficult. The inclusion of mul-
tiple molecular species along with the continued efforts to benchmark the PDR
models are both necessary to improve our ability to use molecular emission as a di-
agnostic of the physical properties in the extreme environments of (U)LIRG and
starburst nuclei. However, in-depth studies of the molecular ISM are just entering
their golden age. The Herschel Space Observatory has completed its mission, and all
observations are available on the Hersche/ Science Archive. The archive provides a
wealth of unexplored data for nearby star forming galaxies. The Herschel//PACS in-
strument provides observations of the strongest gas cooling lines ([CII] and [OI]),
while the Hersche//SPIRE instrument gives access to the full CO rotational ladder
from J=4-3 to J=13-12. Together, we can begin to understand star formation in
deeply obscured galactic nuclei. In addition, the Atacama Large Millimeter Ar-
ray (ALMA) has begun science operations. This impressive interferometer will
not only give a ground-based observation tool for the molecular lines, but allow
for unprecedented spatial resolution. Instead of observing an entire galaxy as with
Herschel, ALMA can resolve specific star forming regions within galaxy centers,
which will greatly increase our understanding of star formation in these intense
star-forming systems. ALMA will fuel the improvement of the current model and
observational limitations and drive astronomers towards a uniform understanding
of the star-forming gas in luminous galaxy centers.
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Nederlandse Somemvottimq

Het belomq van stervormimq

Sterren zijn de allerbelangrijkste objecten in het Universum. Elk sterrenstelsel
heeft honderden miljoenen sterren, en deze sterren bepalen elk aspect van deze
sterrenstelsels op elke schaal. Een enkele ster kan worden gezien als een fabriek
waar de simpelste elementen omgezet worden in de bouwstenen voor leven. Op
een grotere schaal verhitten de reuzensterren hun omgeving met hun licht, zijn
ze de oorzaak voor stervorming, en komt er enorm veel energie vrij bij hun dood
tijdens een supernova explosie. Om deze redenen is het van fundamenteel belang
om te begrijpen hoe sterren ontstaan en wat deze formatie reguleert.

Sterren ontstaan in regionen met koud, compact gas en stof die we moleculaire
wolken noemen. De sterrenvormingscyclus begint met het ontstaan van sterren
uit het gas en stof in deze wolken. De sterren verbranden dit materiaal vervolgens
tijdens hun leven en geven de rest terug aan de ruimte als ze sterven. Het is deze
cyclische aard van het sterrenvormingsproces die ervoor zorgt dat sterren en hun
omgeving zo een sterke band met elkaar hebben.

In sommige omgevingen zorgt de sterrenvormingscyclus voor een sterrenuit-
barsting waarbij sterren tussen 10-1000 keer sneller vormen dan normaal. In dit
proefschrift bestudeer ik enkel de sterrenstelsels die een dergelijke sterrenuitbar-
sting ondergaan. Hiernaast focus ik ook op een unieke soort van de sterrenvor-
mingscyclus die zich voordoet in het midden van sterrenstelsels. In die regionen
is de sterrenvormingscyclus niet geisoleerd, maar wordt het beinvloed door wat er
nog meer gebeurd in het centrum van een sterrenstelsel. Hierdoor is het proces
nog heviger.

De extreme omqevimq IN het centrum van sterrenstelsels
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In het centrum van ons sterrenstelsel, de Melkweg, ligt een zwart gat dat even
zwaar is al vier miljoen Zonnen. In tegenstelling tot ons zwarte gat zijn veel andere
zwarte gaten zogenaamd actief. Een actief zwart gat is een zwart gat dat in mas-
sa toeneemt door samenvoeging met steeds meer materiaal. Terwijl het materiaal
in het zwarte gat valt wordt het tegelijkertijd rondgeslingerd met enorme snelhe-
den en wordt het extreem heet. Hierbij straalt het hoge doses energie uit. Deze
straling is slechts één van de componenten die de omgeving in het centrum van
sterrenstelsels zo extreem maakt.

Naast de zwarte gaten vindt er in het centrum van een sterrenstelsel ook veel
stervorming plaats. Zoals boven al is aangegeven zorgt stervorming in de vorm van
de extreem snelle sterrenuitbarstingen ervoor dat de omgeving wordt overspoeld
met straling, vooral wanneer sterren sterven. Een sterrenuitbarsting kan ook voor
sterke winden zorgen die door de ruimte waaien en welke hun directe omgeving
compleet hervormen. Tot slot kan er ook mechanische verbitting plaatsvinden in
grote hoeveelheden. Deze brede en alomvattende term kan worden gebruikt voor
alles wat het gas en stof beroerd, zoals turbulentie of schokgolven. Mechanische
verhitting vernietigd stof en roert het materiaal, waardoor het verhit en verstoord
raakt.

Samen zijn de zwarte gaten en de mechanische verhittingsprocessen zeer ge-
welddadig en genereren ze een sterke ouzflow van materiaal, waarbij het materiaal
uit het centrum van het sterrenstelsel en in de ruimte wordt geslingerd. Zodra al
het materiaal voor stervorming uit het sterrenstelsel is geslingerd spreken we van
een dood sterrenstelsel, omdat het immers geen nieuwe sterren meer kan vormen.
In atbeelding 7.3 zien we links hoe het sterrenstelsel M82 er uit ziet als we er met
onze eigen ogen naar zouden kijken, in het optische spectrum. Echter, molecu-
len die verantwoordelijk zijn voor stervorming zijn niet zichtbaar in dit spectrum,
maar zijn alleen waarneembaar in het infrarood. Zodra we een andere telescoop
gebruiken die ook het infrarode spectrum observeert (zoals rechts in afbeelding
7.3) kunnen we de enorme hoeveelheid stervormend gas en stof zien die uit het
centrum van het sterrenstelsel wordt geslingerd.

Om dit proces van de sterfte van sterrenstelsels te bestuderen (ook wel het do-
ven van stervorming genoemd) moeten we het samenspel tussen de sterren, het
zwarte gat en de turbulentie en schokgolven in de centra van extreme starburst ga-
laxies onderzoeken.

Mijn proefschrift

Dit proefschrift is gebaseerd op observaties die gemaakt zijn met de Hersche/
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Figuur 7.2: Links: het uitbraak-sterrenstelsel M82 zoals we die met onze ogen zien in het
waarneembare spectrum. Rechts: hetzelfde sterrenstelsel geobserveerd in een spectrum met
infrarood. Het rode gas en stof dat uit het centrum van M82 vloeit is stervormend materiaal.

Space Observatory. Met Herschel observeer ik stervormend materiaal in het centrum
van extreme starburst sterrenstelsels. Ik maak hierbij gebruik van een combinatie
van observaties en modellen om te begrijpen welke processen (sterren, actieve zwar-
te gaten, of mechanische verhitting) van invloed zijn op het stervormend materiaal.
Om te beginnen heb ik wat bekend staat als een 'archetypische' starburst sterren-
stelsel, NGC 253, onderzocht. Dit sterrenstelsel is ideaal aangezien het relatief
dichtbij staat en het zeer helder is. Hierdoor is het al door veel mensen bestu-
deerd en is er al veel over bekend. Allereerst is er met behulp van een telescoop
vanaf de grond het heetste stervormende gas dat het dichtst bij de sterren staat
bestudeerd. Hieruit kon ik vaststellen dat dit gas voornamelijk werd verhit door de
sterren zelf. Toch werd 20% van het heetste gas eigenlijk verhit door schokgolven
(hootdstuk 2). Daarna observeerde ik het koudere stervormende gas dat verder van
de sterren in de gaswolken ligt. Hierbij presenteer ik een nieuwe methode waarbij
ik veel verschillende moleculen gebruik (in plaats van één molecuul, zoals voorheen
gebruikelijk was) om vast te stellen welk proces het stervormende gas beinvloed.
Hoewel het koude gas op een compleet andere plek ligt dan het warme gas is het
verrassend gelijkwaardige resultaat waarneembaar waarbij het merendeel van het
gas wordt verhit door de sterren, maar waarvan 20% alsnog door de schokgolven
wordt verhit (hoofdstuk 3). Dit was een onverwacht resultaat gezien het feit dat
eerder werd aangenomen dat het gas enkel en alleen door de sterren werd verhit,
en in zijn geheel niet door schokgolven. Maar aan de hand van mijn observaties
bleek het niet mogelijk te zijn om te verklaren wat er gebeurde zonder de 20% van
verhitting aan schokgolven toe te schrijven.
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Omdat dit resultaat onverwacht was ging ik door met mijn onderzoek, en richt-
te ik mij op een nog extremer sterrenstelsel, Arp 299. Arp 299 is eigenlijk een stelsel
van verschillende botsende sterrenstelsels met drie stervormende centra. De eer-
ste, Arp 299 A is een starburst sterrenstelsel met ook een actief zwart gat in het
midden. Arp 299B is daarentegen enkel een szarburststerrenstelsel, en Arp 299 C
is de regio waar de twee stelsels elkaar raken en waar minder intense stervorming
plaatsvindt. Dit gehele sterrenstelsel biedt een unieke kans om het stervormende
materiaal te bestuderen op drie verschillende locaties, elk met een eigen omgeving
die nét iets anders is van die van de andere, maar die nog wel in hetzelfde ster-
renstelsel te vinden is. Wederom heb ik het koudere gas bestudeerd met dezelfde
methode die ik ontwikkeld heb in hoofdstuk 3. We kunnen zien dat in het ge-
val van Arp 299 B en C enkel de sterren invloed hebben op het gas, terwijl Arp
299 A we wederom mechanische verhitting nodig hebben om de verhitting te ver-
klaren (hoofdstuk 4). Dit resultaat was ook verrassend aangezien Arp 299 A een
actief zwart gat bevat. Toch konden de observaties niet verklaard worden door de
aanwezigheid van een zwart gat, maar moest er wel sprake zijn van mechanische
verhitting. Dit betekend niet dat er geen actief zwart gat aanwezig is in Arp 299 A,
maar nog belangrijker, dat het zwarte gat geen invloed uitoefent op het gas. Het
toont ook aan dat mechanische verhitting een krachtig en efficiént proces is.

Zoals eerder vermeld kan mechanische verhitting door veel zaken veroorzaakt
worden. Eén grote bron van mechanische verhitting zou de dood van een ster kun-
nen zijn. Als een ster groot is in massa zal deze exploderen als een supernova als hij
sterft. Dit betekend dat hij eerst implodeert om vervolgens een enorme explosie
te veroorzaken. Maar mechanische verhitting kan ook worden veroorzaakt door
processen die niet gerelateerd zijn aan sterren, zoals de botsing tussen twee ster-
renstelsels. Daarom biedt hoofdstuk 5 een manier om te meten hoeveel supernovae
er elk jaar plaats vinden. Hiermee kunnen we beter begrijpen of de mechanische
energie aan de sterren is gerelateerd of dat dit komt door een extern proces. Tot
slot heb ik, door te bouwen op de eerdere gedetailleerde studies naar de uitbarst-
sterrenstelsels, een verzameling van bijna 30 sterrenstelsels geobserveerd. Net als
in de geisoleerde gevallen van NGC 253 en Arp 299 zien we dat het stervormende
gas vaak wordt beinvloed door mechanische verhitting. Echter, in het geval van
uitermate extreme zwarte gaten zien we dat deze zwarte gaten ook het stervor-
mende gas, zei het in mindere mate, beinvloeden. In alle gevallen blijven sterren
de dominante en heersende bron van energie en hitte, hoewel zowel zwarte gaten
als mechanische verhitting vaak nodig zijn om de observaties te verklaren.
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Executive Summary

Dedicated to Dr. Michael N. Rosenberg

The importance of star Formation

Stars are the single most important objects in the Universe. Each galaxy has
hundreds of billions of stars, and these stars govern aspects of the galaxy from the
smallest to the largest scales. A single star can be thought of as a factory; converting
simple elements into the building blocks of life. On larger scales, the light from
gilant stars can heat their surrounding environments, trigger further star formation,
and in death, release enormous amounts of energy in a supernova explosion. Thus,
it is fundamentally important to understand how stars form and what regulates
that formation.

Stars arise from regions of cool, dense gas and dust that are called molecular
clouds. The star formation cycle begins with stars forming from gas and dust. The
stars then burn this material throughout their lifetime and return it back into space
when they die. The cyclical nature of star formation is what allows stars to interact
so strongly with their environments.

In some environments, the star forming cycle results in a starburst, where stars
are formed anywhere from 10-1000 times faster than normal. In this thesis, I ex-
clusively study galaxies that are undergoing a starburst. In addition to studying
starburst galaxies, I focus on a unique type of star formation cycle that occurs in
galaxy centers. There, the star formation cycle is not isolated, but influenced by ev-
erything that is happening in the center of a galaxy, making it even more extreme.

The extreme environment of galaxy centers

'The center of our galaxy, the Milky Way, harbors a black hole that weighs the
same as 4 million Suns. Unlike the black hole in the Milky Way, many black holes
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are considered active. An active black hole is one that is gaining mass by accreting
more and more material. As this material falls into the black hole, it gets spun
around at extremely fast speeds and becomes extremely hot, emitting high energy
radiation. This radiation is only one of the components that makes the environment
of galaxy centers so extreme.

In addition to black holes, some galaxy centers are also undergoing star forma-
tion. The most extreme mode of star formation, a starburst, will flood the galaxy
center with radiation. When these stars die, they emit even more extreme radi-
ation. A starburst can also create strong winds that blow through space and can
completely reshape their surrounding environment.

Aside from black holes and radiation, in galaxy centers there can be large
amounts of what is referred to as mechanical processes. 'This is a blanket term that
refers to anything that stirs up the gas and dust, such as turbulence or shock waves.
Shock waves are similar to what you see (and hear) when a plane passes the sound
barrier. Turbulence, on the other hand, is a very disturbed and chaotic motion of
gas, and is the same thing that causes 'turbulence' on plane. Mechanical processes
destroy dust and stir the material, so it becomes heated and disturbed.

Working together, these processes are extremely violent and create powerful
outflows that eject star-forming gas and dust from the galaxy center out into space.
If all the star-forming material is removed from the center, we consider that galaxy
to be dead, because it can no longer form stars. Looking at Figure [/.3, on the left
we see what this galaxy (M82) would look like to our own eyes, in the visible
wavelength range. However, star-forming molecules cannot be seen in the visible,
but can be observed in the infrared wavelength range. If we use a different telescope
to observe this same galaxy in the infrared wavelength (as in the right panel), we
discover a huge amount of star-forming gas and dust being expelled from the galaxy
center.

In order to study this process of galaxies dying (referred to as star-formation
quenching), we must investigate the interplay between the stars, the central black
hole, and the turbulence and shockwaves in the centers of extreme starburst galax-
ies.

My Thesis

'This thesis bases its findings on observations made with Herschel Space Obser-
vatory. With Heschel, 1 observe star-forming material in the centers of extreme
starburst galaxies. Using a combination of observations and models, I study which
process (stars, active black holes, shocks) are acting on the star-forming material.

First, we focus on what is considered an 'archetypal' starburst galaxy, NGC 253.
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Figure 7.3: Left: The starburst galaxy M82, as seen by our own eyes, in the visible wavelength
range. Right: The same galaxy (M82) observed in the infrared wavelength range. The red gas
and dust flowing out from the center of M82 is star-forming material.

This galaxy is ideal since it is relatively close by and very bright, so many people
have observed the galaxy before, and much is already known about it. Using a
large ground based telescope (called the Very Large Telescope, VLT'), we studied
the hottest star-forming gas, which is located closest to the stars. We determined
that this gas is being heated mostly by the stars themselves, although 20% of the
hottest gas is actually being heated by shocks (Chapter J}). We then shift focus
to the cooler star-forming gas, that is further away from the stars inside of gas
clouds. We present a new method to use many different molecules, instead of one
molecule, which was historically used, to determine which process is affecting the
star-forming gas. Although the cool gas is in a location very different from that
of the hot gas, we find the surprisingly similar result that most of the gas is being
heated by the stars, but 20% of this gas must be heated by shocks (Chapter [3).
'This is an unexpected result since it was thought previously that the gas was heated
only by the stars, and not so much by shocks. Yet it was impossible to explain the
observations without including 20% heating by shocks.

Since this result was not expected, we continued our study with an even more
extreme galaxy, Arp 299. Arp 299 is actually a system of colliding galaxies, with
three centers of star formation. The first, Arp 299 A, is a starburst but also harbors
an active black hole in its center. Arp 299 B on the other hand is a pure starburst,
and Arp 299 C is a region where the two galaxy disks collided and began less in-
tense star formation. This galaxy provides a unique opportunity to study the star
forming material in three different locations, each with a slightly different envi-
ronment, but all within the same galaxy. Again, we study the cooler gas inside the
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star-forming clouds and use the same method developed in Chapter §. We find
that in the case of Arp 299 B and C, it is only the stars that are affecting the gas,
while in Arp 299 A, again we require mechanical heating (Chapter f). This result
was also surprising. Despite the presence of an active black hole in Arp 299 A, our
observations could not be explained by this, but required mechanical heating. This
finding does not imply that there is no active black hole in Arp 299 A, but more
importantly, that the black hole is not affecting (heating) the gas. It also shows
that mechanical heating is a powerful and efficient process.

As previously mentioned, mechanical processes encompass any thing that stirs
up gas and dust. One large source of heating from mechanical processes can be
from the death of a star. If a star is very large, it will supernova when it dies,
which means it will collapse in on itself and result in an enormous explosion. How-
ever, mechanical heating can also come from non-star-related processes, such as a
galaxy-galaxy collision. Thus, in Chapter [, we present a way to measure how many
supernovae happen each year in the galaxy. This can help us understand whether
or not the mechanical energy is still related to stars, or if it is an external process.

Finally, building on our detailed studies of specific starburst galaxies, we ob-
serve a large sample of about 30 of these galaxies. Similarly to the isolated cases of
NGC 253 and Arp 299, we find that the star forming gas is often affected by me-
chanical heating. However, in the case of very extreme active black holes, they can
also affect the star forming gas to a small degree. In all cases, stars remain the dom-
inant source of energy and heat, although both active black holes and mechanical
heating are often required to explain the observations.



List of Publications 173

List of publications

Refereed Publications

1.

Rosenberg, M. ]. F., Meijerink, R., Israel, F. P., et al. 2014, A&A (accepted),
arXiv:1407.2055

. Rosenberg, M. ]. E,, Berné, O., & Boersma, C. 2014, A&A, 566, L4

Rosenberg, M. J. F.,, Kazandjian, M. V., van der Werf, P. P, et al. 2014,
A&A, 564, A126

Rosenberg, M. J. F., van der Werf, P. P,, & Israel, F. P. 2013, IAU Sym-
posium, 292, 295

Rosenberg, M. J. F.,, van der Werf, P. P, & Israel, F. P. 2013, A&A, 550,
A12

. Rosenberg, M. J. F., van der Werf, P. P, & Israel, F. P. 2012, A&A, 540,

Al16

. Rosenberg, M. J. F.,, Berné, O., Boersma, C., Allamandola, L. ]., & Tielens,

A. G.G. M. 2011, A&A, 532, A128

. M. V. Kazandjian, I. Pelupessy, R. Meijerink, F. P. Israel, M. J. F. Rosen-

berg, & M. Spaans 2014, A&A (submitted)

. Brandl, B. R., Martin-Herndndez, N. L., Schaerer, D., Rosenberg, M., &

van der Werf, P. P. 2012, A&A, 543, A61



174 List of Publications

Conference Proceedinqs & Other

1. Rosenberg, M.,Russo, P., Bladon, G., & Christensen, L. L. 2013, IAU
Themes, **Why is Astronomy Important? "

2. Rosenberg, M. J. F,, van der Werf, P. P, & Israel, F. P. 2013, IAU Sym-
posium, 292, 295

3. Rosenberg, M. J. F,, van der Werf, P. P, & Israel, F. P. 2012, Journal of
Physics Conference Series, 372, 012068



Curriculum Vitae 175

Currnculum Vitoe

I was born on April 14th, 1987 in Palo Alto, California, in the United States of
America. I completed elementary school just south of San Francisco, and con-
sequently moved up to beautiful wine country, and to the small town of Ken-
wood. Through both curricular and extracurricular activities, my love and passion
for astronomy and human space flight grew. I graduated from Maria Carrillo High
School in 2005, with Summa Cum Laude.

Next, I attended University of California Los Angeles into the Astrophysics
degree program. There I completed two research projects in addition to two sum-
mer programs at the NASA Academy. I graduated with a Bachelors of Science in
Astrophysics in 2009, with highest departmental honors and the Charles Goeffrey
Hilton award for student of the year.

My next step was to begin a Master's in Space Studies at the International
Space University in Strasbourg, France. My Master's research project was com-
pleted at Leiden Observatory with Prof. dr. Alexander Tielens on Polycyclic Aro-
matic Hydrocarbons (PAHs) in a reflection nebula. I graduated from the program
with a Master in Science in Space Studies in 2010.

In the fall of 2010, I began my PhD work in Sterrewacht Leiden (Leiden
Observatory) under the supervision of Prof. dr. Frank Israel and Prof. dr. Paul
van der Werf. My thesis work has focused on excitation mechanisms of gas in
the interstellar medium, specifically focusing on observations with Hersche/ Space
Observatory and the Spectrograph for INtegral Field Observations in the Near
Infrared instrument (SINFONI) on the Very Large Telescope (VLT). During my
PhD, I presented my work at international conferences in the Netherlands, France,
Austria, Germany, the United State, and China.

In the fall of 2014, I will begin a Master of Science in Space Physiology and
Health, with the intention of switching research fields to study and prevent the
effects of space on the human body.
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