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General description of the thesis

Relevance of the topic

Understanding the initial formation of galaxies depends on discovering sources obscured
by dust and tracing these sources to their earliest epoch in the universe. The extreme
luminosity of dusty, local sources was originally revealed by the ultraluminous infrared
galaxies (ULIRGs), whose luminosity arises from infrared emission by dust, and this dust
often obscures the primary optical sources of luminosity. That such galaxies are important
in the early universe was demonstrated by source modeling which indicated that the
infrared dust emission from galaxies dominates the cosmic background luminosity.
Surveys in the submillimeter were the first to discover individual, optically obscured, dusty
sources at redshifts z >= 2. A variety of observing programs using spectra from the Spitzer
Infrared Spectrometer (IRS) subsequently found luminous ULIRGs to redshifts z~3. This
Spitzer-discovered population of high-redshift ULIRGs has large infrared-to-optical flux
ratios [fv (24 pm) > 1 mJy and R > 24] attributed to heavy extinction by dust and has been
labeled “dust obscured galaxies” (DOGs). Some DOGs are powered primarily by
starbursts and some by active galactic nuclei (AGNs), and the DOGs are similar to the
population of submillimeter galaxies in overall spectral energy distributions (SEDs),
redshifts, and Luminosities.

To discover and understand dusty galaxies at even higher redshifts than the DOGs known
so far, the atomic line emission of [Cll] 158 um is the single most important spectroscopic
feature because it is the strongest far-infrared line. Consequently, this line will provide
the best opportunity for redshift determinations and source diagnostics using
submillimeter and millimeter spectroscopic observations. Already, [Cl] has been detected
at redshift exceeding 8 and shown to be strong in starbursts with 1 < z < 2.5. The [CII]
line should be a diagnostic of star formation because it is primarily associated with the
photodissociation region (PDR) relating to starbursts (SBs).

In many high-redshift sources, especially dust-obscured sources, the [CII] feature is the
only diagnostic atomic emission line that can be observed. This makes it vital to optimize
this line for learning about intrinsic source properties. Not only line luminosities, but also
accurate line profiles, are observed.

A great amount of diagnostic information concerning the observable differences between
dusty, obscured sources powered by active galactic nuclei (AGNs) and those powered by
rapid star formation (“starbursts”) has been acquired via the mid-infrared spectroscopy
of the Infrared Spectrograph (IRS) on the Spitzer Space Telescope. Classifications of AGN
and Starburst sources have been developed using both the strength of polycyclic aromatic
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hydrocarbon (PAH) features in low-resolution spectra and various emission line ratios in
high-resolution spectra.

These findings underscore the critical role of far-infrared diagnostics, particularly the
[CIl] 158 pm emission line, in unraveling the complexities of galaxy evolution. The
integration of mid-infrared spectroscopic tools, submillimeter observations, and advanced
classifications has significantly advanced our ability to differentiate between AGN-driven
and starburst-driven processes in dusty, high-redshift galaxies. By leveraging the [CII] line
as a robust tracer of star formation and interstellar medium properties, this research
provides a foundation for probing the earliest stages of galaxy formation, bridging
observational gaps, and refining models of cosmic evolution. The capability to study both
the physical conditions and kinematics of these distant galaxies sets a path for future
explorations, further enabling the discovery of hidden populations of galaxies in the early

universe.

The aim of the thesis
The primary aim of this thesis is to investigate the physical properties and processes

occurring in dusty starburst galaxies and active galactic nuclei (AGN) using the [CII] 158
pm emission line as a diagnostic tool. By exploring the correlation between [CII]
luminosities, star formation rates (SFRs), and mid-infrared emission features, the
research aims to:
1. Enhance the understanding of the interplay between star formation and AGN
activity in galaxies.
2. Refine the use of the [CII] 158 pm line as a robust tracer for SFR, particularly in
dusty environments.
3. Provide insights into the evolutionary stages of galaxies, focusing on high-
redshift systems obscured by dust.
This work contributes to the broader effort of understanding the role of infrared emission
lines in tracing the processes governing galaxy formation and evolution across cosmic
time.

Scientific novelty

The scientific novelty of this research lies in several key areas:
1. Refinement of [Cll] as a Star Formation Tracer:

This study provides a detailed calibration of the [CII] 158 pm line to measure star
formation rates, particularly for dusty galaxies where optical tracers fail. It examines
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the relationship between [Cll] luminosities and other star formation indicators across
a wide range of galaxy types: Active Galactic Nuclei (AGN}), Composite and Sturbusrt
(SB) galaxies.

2. Insights into the [Cll] Deficit:

The thesis discusses possible reasons behind the [CII] deficit, a phenomenon where
[CII] emission weakens in luminous systems. The [CII] “deficit,” or a smaller ratio of
L([ClI])/Lir with increasing Li, is shown to arise because Li of the most luminous
sources arises primarily from an AGN so that L([CII]} from the starburst component
is small in comparison.

3. High-Redshift Focus:

While focused on galaxies in the near universe, this research establishes relationships
between [CII] luminosities and star formation indicators, offering a foundation to
apply these diagnostics to galaxies during the epoch of reionization (z > 6) in future
studies.

4. Integration of Multi-Wavelength Data:

Having opportunity to classify the galaxies using PAH emission features on mid-

infrared spectra and comparing [Cll] measurements with mid-infrared fine-structure
lines allows a comprehensive understanding of the physical conditions in star-forming
and AGN-dominated regions.

Practical importance
The practical importance of this thesis is rooted in its potential applications for

observational astronomy and galaxy evolution studies. The results greatly contribute to the
development of infrared astronomy by providing methods to estimate the rate of star
formation and detect the activity of AGN in dusty, distant galaxies. These insights are
important for understanding the evolution of the early Universe and for developing future
observational programs for telescopes such as ALMA. The thesis also contributes to the
theory of a unified model of AGN, linking spectral properties to physical processes in
Active Galactic Nuclei.

Basic results to be defended

1. Classification of 379 galaxies:

We classify 379 galaxies as AGN, Composite or Starburst observed both with
Spitzer Space Telescope and Hershcel Space Observatory. Results for [CIl] and
neon lines are compared by locating the PACS observing spaxel that most closely
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corresponds to the position of the IRS slit. Intrinsic line profile widths are
determined by applying empirically measured instrumental widths from
observed planetary nebulae or HIl regions. All [CM] and neon line profiles,
together with overlays of PACS spaxels compared to IRS slits, are illustrated in
the CASSIS spectral atlas (http://cassis.sirtf.com/herschel).

Star formation rate (SFR) calibration using [CII] 158 ym emission line:

The calibrated relationships between [CII] luminosities and SFRs enable more
accurate interpretation of data from infrared and submillimeter observatories.
The work provides a stable calibration of the star formation rate, particularly in
dusty environments where the known optical lines measuring the star formation
rate are absorbed. The thesis shows that the luminosity of [CIl] depends
somewhat on the star formation rate as follows: log(SFR) = log L([CII]) - 7.0 +
0.2 for SFR in Mgs yr—=1 and L([CIl]) in Lgs. This is a breakthrough result,
especially for the study of distant galaxies at high redshift, where other indices
are unavailable.

6.2 jjm PAH feature as a Classification Criterion:

The thesis establishes the 6.2 pm PAH feature as a crucial tool for classifying
sources, distinguishing AGN-dominated galaxies from starburst-dominated
systems. We have adopted the criteria that AGNs have EW (6.2 pm) < 0.1 pm,
Composite sources have intermediate 0.1 pm < EW (6.2 pm) < 0.4 pm, and
starbursts have EW (6.2 pm) > 0.4 pm. This classification criterion provides a
robust method for identifying the primary drivers of galactic emission.

[CII] 158 jjm line as Starburst indicator:

Detailed study of [CI]] 158 pm line profiles and the comparison with PAH 11.3
pm confirms the conclusion that the scaling between [CIl] and PAH s
independent of source classification. The correlation of [Cll] with a SFR indicator
can be checked in a completely independent way using the comparison between
[Cll] with [Nell], because [Nell] is a luminosity indicator of star formation
determined by the HIl region instead of the surrounding PDR. Another
comparison between the [CIl}/[Nell] ratio and the classification shows a result
very similar to the [CIIJ/PAH comparison. The median ratios f([CII])/f([Nell]) are
independent of classification. The dispersion about the median is also similar to
the dispersion in [CIIJ/PAH. Because [Nell] arises primarily from SBs, this result
is very important empirically because it confirms the previous conclusion from
PAH that [CII] scales with the SB component within sources of all classifications


http://cassis.sirtf.com/herschel

implying that the SB component and SFR is measured equally well by PAH
emission or by [CM] emission in sources of all classifications.
5.  Neon lines comparison to [CII] 158 pm line:
We obtain that [CIl] and [Nell] perfectly scale with one another and represent
the SB component of the galaxy. However, there is a greater difference of ratio
with classification than for [Nell]. The increasing ratiof([CII])/f([Nelll]) from AGNs
to SBs can be explained if [Neill] arises both from AGN ionization and SB
ionization, but [CIl] arises only from SBs, so that AGNs contain an additional
[Neill] component compared to [CII].
6. Classification of [CII] 158 um line profiles:
| have classified all of the [CIl] profiles by shape (Gaussian, asymmetric and
flattened), as compared to the best fitted Gaussian profiles illustrated in
http://cassis.sirtf.com/herschel. The objective of this classification is to
distinguish among profiles obviously affected by disk rotation and those profiles
which probably arise because of virialized three dimensional motions of the gas.
Flattened profiles are those which have the clearest evidence of velocities
dominated by rotation. Asymmetric profiles show evidence either of systematic
gas outflows, or of rotation by an inhomogeneous disk.
7. [Cll] 158 pm line profiles compared to different luminosities:
[CII] emission line widths are compared to [CIl] luminosities, to near-infrared 1.6
pm (H) luminosities and to infrared 22 pm luminosities to decide if any luminosity
accurately relates to velocity dispersion. The luminosity dispersions are smallest
for H band luminosities and the slope uncertainty for the line fit is the smallest
for H luminosities. | conclude that the gravity associated with the mass of evolved
stars (H luminosities) is a weak factor controlling the widths of the [CII] line, but
line widths are primarily determined by a mechanism that is still unknown.
Overall, this thesis provides significant advancements in the methodologies used to study
dusty galaxies and AGN, bridging gaps in our knowledge of galaxy evolution across cosmic
time. Together, these results demonstrate the immense importance of studying infrared
data in understanding fundamental evolutionary processes in galaxies. The detailed
calibrations, classification methods, and redshift correction methods introduced in this
work provide a foundation for future studies of the distant Universe.
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Approbation of the work

The results of the thesis were presented at the following conferences:

1. The Third Middle-East and Africa Regional IAU meeting, September 1-6, 2014,
Beirut, Lebanon

2. Astronomical Surveys and Big Data, October 5-8, 2015, Byurakan, Armenia

3. Armenian - lranian astronomical workshop, October 13-16, 2015, Byurakan,
Armenia

4. Non-Stable Universe: Energetic Resources, Activity Phenomena and Evolutionary
Processes, September 19-23, 2016, Byurakan, Armenia

5. European Week of Astronomy and Spasce Science 2017: EWASS2017, 26 - 30
June, 2017, Prague, Czech Republic

6. Stellar Associations: 70 Years of Research/The Present and Future of Small and
Medium Telescopes, September 25-29, 2017, Byurakan, Armenia

7. VIl Pulkovo young scientists conference, Pulkovo Observatory, 28-31 May, 2018,
Saint Petersburg, Russia

8. Instability Phenomena and Evolution of Universe, September 17-21, 2018,
Byurakan, Armenia

9. First Light: Stars, galaxies and black holes in the epoch of reionization, Jul. 28 -
Aug. 7, 2019, Sao Paulo, Brazil

10. “4th SVOSS (Super Vatican Observatory Summer School)” conference, Sept. 3-
7, 2019, Vatican, ltaly

11.  European Astronomical Society Annual Meeting (EAS) 2022, June 27- July 1,
2022, Valencia, Spain

12. European Astronomical Society Annual Meeting (EAS) 2023, July 10-14, 2023,
Krakow, Poland

13. Non-Stable Phenomena in the Universe, September 18-21, 2023, Byurakan,
Armenia

Structure of the thesis

The thesis consists of 6 chapters including Introduction and main Conlusions. In addition,
there are separate sections for Acknowledgements and References. The thesis contains
123 pages, including two title pages in Armenian and in English.

Content of the thesis
Chapter 1



This chapter introduces infrared astronomy as a critical tool for studying active galaxies,
with a particular focus on the [CII] 158 pm emission line. It outlines how infrared radiation
penetrates dust clouds, enabling the study of star formation and galactic nuclei obscured
in other wavelengths. The [CII] line, arising from photodissociation regions (PDRs),
provides insights into star formation rates (SFR) and interstellar medium (ISM) properties.
Viktor Ambartsumian’s foundational contributions to understanding active galactic nuclei
(AGN) are highlighted, emphasizing the dynamic and energetic processes in galactic cores.
The chapter sets the stage by identifying the importance of [Cll] as a diagnostic tool and
describes the challenge of disentangling AGN-driven and starburst-driven processes in
dusty environments.

Understanding the initial formation of galaxies depends on discovering sources obscured
by dust and tracing these sources to their earliest epoch in the universe. The extreme
luminosity of dusty, local sources was originally revealed by the ultraluminous infrared
galaxies (ULIRGs), whose luminosity arises from infrared emission by dust, and this dust
often obscures the primary optical sources of luminosity. That such galaxies are important
in the early universe was demonstrated by source modeling which indicated that the
infrared dust emission from galaxies dominates the cosmic background.

Surveys in the submillimeter were the first to discover individual, optically obscured, dusty
sources at redshifts z >= 2. A variety of observing programs using spectra from the Spitzer
Infrared Spectrometer (IRS) subsequently found luminous ULIRGs to redshifts z~3. This
Spitzer-discovered population of high-redshift ULIRGs has large infrared-to-optical flux
ratios [fv (24 ym) > 1 m)y and R > 24] attributed to heavy extinction by dust and has been
labeled “dust obscured galaxies” (DOGs). Some DOGs are powered primarily by
starbursts and some by active galactic nuclei (AGNs), and the DOGs are similar to the
population of submillimeter galaxies in overall spectral energy distributions (SEDs),
redshifts, and Luminosities.

To discover and understand dusty galaxies at even higher redshifts than the DOGs known
so far, the atomic line emission of [Cll] 158 um is the single most important spectroscopic
feature because it is the strongest far-infrared line. Consequently, this line will provide
the best opportunity for redshift determinations and source diagnostics using
submillimeter and millimeter spectroscopic observations. Already, [Cll] has been detected
at redshift exceeding 7 and shown to be strong in starbursts with 1 < z < 2. The [CII] line
should be a diagnostic of star formation because it is primarily associated with the
photodissociation region (PDR) surrounding starbursts (SBs).



In many high-redshift sources, especially dust-obscured sources, the [Cll] feature is the
only diagnostic atomic emission line that can be observed. This makes it vital to optimize
this line for learning about intrinsic source properties. Not only line luminosities, but also
accurate line profiles, are observed.

A great amount of diagnostic information concerning the observable differences between
dusty, obscured sources powered by active galactic nuclei (AGNs) and those powered by
rapid star formation (“starbursts”) has been acquired via the mid-infrared spectroscopy
of the Infrared Spectrograph (IRS) on the Spitzer Space Telescope. Classifications of AGN
and starburst sources have been developed using both the strength of polycyclic aromatic
hydrocarbon (PAH) features in low-resolution spectra and various emission line ratios in
high-resolution spectra.

These findings underscore the critical role of far-infrared diagnostics, particularly the
[CIl] 158 pm emission line, in unraveling the complexities of galaxy evolution. The
integration of mid-infrared spectroscopic tools, submillimeter observations, and advanced
classifications has significantly advanced our ability to differentiate between AGN-driven
and starburst-driven processes in dusty, high-redshift galaxies. By leveraging the [CII] line
as a robust tracer of star formation and interstellar medium properties, this research
provides a foundation for probing the earliest stages of galaxy formation, bridging
observational gaps, and refining models of cosmic evolution. The capability to study both
the physical conditions and kinematics of these distant galaxies sets a path for future
explorations, further enabling the discovery of hidden populations of galaxies in the early

universe.

Chapter 2
This chapter presents observational data from the Herschel Space Observatory, detailing

[ClI] measurements in 112 sources classified as AGNs, Starbursts, or Composites. A strong
correlation is observed between [Cll] luminosity and PAH (Polycyclic Aromatic
Hydrocarbon) emission, affirming [Cll] as a reliable tracer of star formation in
photodissociation regions. The calibration of SFR with [CIl] luminosity is introduced,
yielding a robust relation for dusty galaxies. The "[CIl] deficit” in luminous AGNs is
analyzed, suggesting that AGN dominance reduces [ClI] emission relative to total infrared
luminosity. The chapter underscores the significance of [Cll] as a tool for probing dusty
galaxies at high redshifts.

The Herschel PACS instrument has been used to observe [CIl] 158 pm line fluxes in 112
sources having a wide range of starburst and AGN classifications chosen because they
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have complete mid-infrared spectra with the Spitzer IRS and have complete IRAS fluxes
for determining Li-. Of the 112 sources, 102 have reliable line detections and 10 are up-
per limits.

It is found that the [CII] line flux correlates with the flux of the 11.3 ym PAH feature, log
[f({CN] 158 pm)/f(11.3 pm PAH)] = -0.22 + 0.25. This f([CII])/f(PAH) ratio is independent
of AGN/starburst classification as determined from EW of the 6.2 pm PAH feature. We
conclude that [ClI] line flux measures the starburst component of any source as reliably
as the PAH feature.

This conclusion leads to a calibration of SFR determined from the luminosity of [CII] for
the Starburst component in any source. The calibration is derived using Li only for
starbursts to avoid AGN contamination of Li- and has the result log SFR = log L([CIl}]) -

7.08 = 0.3, for SFR in Mo yr™' and L([CIl]} in Le. This result applies to the starburst

component of any source in which [Cll] is observed. The maximum SFRs in the sample

are 100 Mo yr', and SFRs are dominated by sources classified as Starbursts, but most
AGNs also have some measurable Starburst component.

The [CII] “deficit,” or a smaller ratio of L([CII])/Lir with increasing Li, is shown to arise
because Li of the most luminous sources arises primarily from an AGN so that L([CII])
from the Starburst component is small in comparison.

Chapter 3
This chapter explores the relationship between [CII] and mid-infrared emission lines,

including neon lines, to enhance SFR diagnostics. Observations from the Spitzer IRS and
Herschel PACS instruments are used to compare [ClI] flux with mid-infrared continuum
and emission features. The chapter discusses the ratio of [Cll] luminosity to mid-infrared
continuum luminosities as a diagnostic of star formation and AGN activity. Key findings
include the calibration of SFR using [ClI] and neon lines, highlighting their complementary
roles in disentangling Starburst and AGN contributions.

Results for 112 sources are compared with emission line fluxes from high resolution
Spitzer IRS spectra. A new calibration of [Cll] as an SFR indicator is determined by
comparing [Cll] fluxes with mid-infrared [Nell] and [Nelll] emission line fluxes. This in-
dependently gives the same result as determining SFR using bolometric luminosities of
reradiating dust from SBs: log SFR = log L ([Cll)]) — 7.0 £ 0.2, for SFR in Mo yr'and L
([ClI) in Lo. This confirms that [Cl]] measures the same SB component of sources as
measured with mid-infrared PAH and neon emission line diagnostics.
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The line to continuum ratio measured at 158 pm, EW ([CM]), changes little with luminosity
or with classification, indicating that the far-infrared continuum at 158 pm arises primarily
from the SB component of any source. For pure SBs, the continuum alone gives log SFR
=logvLv(158 pm) - 42.8 £0.2 for SFR in Mo yt—and vLv (158 pm) in erg s~1 The change
of EW ([CM]) with classification (median EW ([CM]) = 1.0 pm for SBs compared to 0.7 pm
for AGNs) implies a systematic overestimate of SFR in AGNs by a median factor of 1.4 if
using only the far-infrared continuum at 158 pm as an SFR indicator.
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Fig 3-1. Ratio of [C Il 158pm to PAH 11.3pm line  Fig 3-2. Ratio of [C 1] 158pm to [Ne Il] 12.81pm line
fluxes, compared to the source classification from fluxes, compared to source classification from
EW(PAH 6.2pm) EW(PAH 6.2pm)

The comparison with PAH in Figure 3-1 confirms, that the scaling between [C Il] and PAH
is independent of source classification, implying that the SB component and SFR is
measured equally well by PAH emission or by [C Il] emission in sources of all
classifications. The correlation of [C ll] with an SFR indicator can be checked in a
completely independent way using Figure 3-2, which compares [C II] with [Ne II], because
[Ne 11] is a luminosity indicator of star formation determined by the HIl region instead of
the surrounding PDR.

Chapter 4

The focus shifts to the analysis of [CM] and neon emission line profiles, examining their
widths and velocities. High-resolution spectra from Herschel PACS and Spitzer IRS are
used to compare line profiles across AGN and Starburst-dominated sources. Differences
in line widths and radial velocities provide insights into the kinematic properties of gas in
different environments. The chapter concludes that [CM] and neon lines offer
complementary kinematic diagnostics, revealing the dynamics of star-forming regions.

12



We measure emission line profiles and redshifts for extragalactic sources observed in both
[CM] 158 pm with Herschel PACS and in [Nell] 1281 pm and [Neill] 15.55 pm with the
high-resolution Spitzer IRS. Data are presented and compared for 379 different sources.
Results for [CM] and neon are compared by locating the PACS observing spaxel that most
closely corresponds to the position of the IRS slit. Intrinsic line profile widths are
determined by applying empirically measured instrumental widths from observed
planetary nebulae or HIl regions. All [CM] and neon line profiles, together with overlays
of PACS spaxels compared to IRS slits, are illustrated in the CASSIS spectral atlas
Ihttp://cassis.sirtf.com/herschel). Figure 4-1 represents an example of the overlay of
Herschel PACS spaxels and Spitzer IRS high-resolution slits.

Fig. 4-1. Example of PACS spaxels compared to IRS high-resolution slits, for source Markarian 18.

Sources are classified as AGNs, Composites, or Starbursts based on the equivalent width
of the PAH 6.2 pm feature.

Fig. 4-2. Intrinsic FWHM of [C Il] 158 pm" in km s-1 compared to EW(6.2 pm)
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The median intrinsic FWHM for [CM] shows no change with classification, being 207 km
s~1for AGNs, 248 km s 1for Composites, and 233 km s~1for Starbursts with dispersions
in intrinsic line widths of about +130 km s~1 Results show that [CM] line widths generally
match those of [Nell], as previously indicated in comparisons of line fluxes. A small number
of sources are identified with unusually broad lines or with radial velocity differences
between [CM] and neon measures. Accurate redshifts are determined for sources as
demonstrated by a systematic difference of only 21 km s~1 between the independent
measures of [CM] and [Nell] radial velocities using PACS and IRS.
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Fig. 4-3. Intrinsic FWHM of [Ne Il] 1281 pm in km s 1  Fig. 4-4. Intrinsic FWHM of [Ne Ill] 15.55 pm in km s 1
compared to EW(6.2 pm) compared to EW (6.2 pm)

The results for [Ne Il] in Figure 4-3 show a similar result to [C II], with only a slight trend
of increased widths for AGNs; the median FWHM for AGNs and composites is 340 km s ’
compared to 300 km s~1 for starbursts. The best comparison with [C Il] is for the
starbursts to rule out any broadening of [Ne Il] by an AGN. For starbursts, the difference
between the median FWHM of233 km s~1for [C Il and 300 km s 1for [Ne II] is interesting,
but we cannot be confident that it is meaningful. Despite these uncertainties among
comparisons of [C II] and neon line widths, the relative widths between the [Ne Il] and [Ne
Il lines are meaningful. Unlike the [Ne Il] FWHMs in Figure 4-3, the [Ne lll] FWHMs in
Figure 4-4 show a trend for increasing line widths from starbursts through AGNs. Both
the median values of line widths and the upper values of the dispersions are progressively
larger from starbursts through composites to AGNs, with medians of 289 km s~1for
starbursts, 367 km s~1for composites, and 426 km s 1for AGNs.

Chapter 5
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This chapter provides a detailed analysis of [Cll] line widths, focusing on their implications
for gas dynamics in dusty galaxies. The sample includes sources where [CII] profiles reveal
variations in turbulence and ionization. The chapter discusses the interplay between AGN-
driven outflows and Starburst-driven winds, emphasizing the role of [Cll] as a kinematic
tracer. Findings suggest that line width variations correlate with galaxy type and
luminosity, offering clues about the energy sources shaping galaxy evolution.

| classify [CII] 158 um profiles for 379 galaxies observed with Herschel PACS as Gauss-
ian, flattened and asymmetric based on the comparison of observed profiles to Gaussian
fits.

Fig. 5-1. Examples of profile classifications as Gaussian (left, NGC3393), flattened (central, NGC7603) and
asymmetric (right, ES0323-G077)

Profile shapes in Figure 5-1 can indicate the origin of the line widths because the lines
whose width is caused by three dimensional random motions in a galaxy should be
Gaussian, but widths caused by rotation of a disk should not be Gaussian. Emission line
widths are compared to [Cll] luminosities (which scales primarily with the
photodissociation regions surrounding starbursts and so scales with the gas mass
connected to star formation), to near-infrared 1.6 pm luminosities (which scales with the
total luminosity of the evolved stars) and to infrared 22 pm luminosities (which scales with
the total luminosity of younger, hotter stars that are heating the dust) to decide if any
luminosity accurately relates to velocity dispersion. The fits in Figure 5-2 are shown using
linear values for FWHM to compare scatter among the comparisons using the different
parameters. These plots show the scatter in the luminosity distributions above and below
the formal fits ( + 1o for log L) within three different ranges of FWHM. In all cases, the
scatter is extreme. The range of luminosities at a given value of FWHM is comparable in
all cases to the full range of FWHM over all luminosities. There can be a factor of 5 range
in gas velocities for the same value of luminosity. It does not appear, therefore, that FWHM
for [CII] can be used in a meaningful way to predict any kind of galaxy luminosity.
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Fig. 5-2. Luminosities compared to FWHM (linear scale). Vertical lines show 1a dispersions for velocities 100
km sec 1 200-300 km sec land >400 km sec 1

The luminosity dispersions are smallest for H band luminosities and the slope uncertainty
for the line fit is the smallest for H luminosities. | conclude from this that the gravity
associated with the mass of evolved stars is a weak factor controlling the widths of the [CM]
line, but line widths are primarily determined by a mechanism that is still unknown.

Chapter 6

The final chapter summarizes the thesis findings, emphasizing the pivotal role of the [CM]
158 pm line in studying dusty Starburst galaxies and AGNs. It reaffirms [CM] as a robust
tracer of star formation and ISM conditions, even in high-redshift and obscured
environments. The integration of [CM] with mid-infrared diagnostics provides a
comprehensive framework for disentangling AGN and Starburst contributions. The
conclusions highlight the importance of [CM] for future studies of galaxy evolution,
particularly in the early universe, where it remains a key diagnostic tool for uncovering
obscured star formation and black hole activity.

This comprehensive study used Herschel PACS observations of the [CM] 158 pm fine-
structure line, combined with Spitzer IRS mid-infrared spectroscopy and IRAS fluxes, to
investigate the properties of a large sample of galaxies spanning a broad range of star

16



formation and active galactic nucleus (AGN) activity. The results firmly establish [Cll] as a
robust tracer of the star-forming (Starburst) component in galaxies and provide valuable
calibrations and insights into star formation rates, kinematics, and the interplay of AGNs
and Starbursts.
Across the sample, [Cll] emission correlates strongly with mid-infrared polycyclic aro-
matic hydrocarbon (PAH) features, notably the 6.2 pm and 11.3 pm PAH lines, and with
mid-infrared [Nell] line, which means that both [CII] and [Nell] represent the Starburst
component of the galaxy. The consistency of these relationships, independent of wheth-
er a source is dominated by star formation or an AGN, demonstrates that [Cll] measures
the Starburst component as reliably as established mid-infrared tracers. The result is a
firm calibration of star formation rates (SFRs) from [CII] luminosity:

Log (SFR) = log (L [CH]) - 7.0 £ 0.2,
where SFR is in Mo yr~" and L{|CIl]) in Le. This relation applies not just to pure Starburst
galaxies but also to systems where AGNs are present, allowing isolation of the star-forming
contribution even in Composite sources.
While the [CII)/IR ratio generally declines at the highest infrared luminosities—known as
the [CII] “deficit”, these findings clarify that this phenomenon arises primarily because
luminous sources often have a substantial AGN component inflating their total infrared
output. Consequently, the proportion of [Cll] coming from star formation ap-pears smaller
against the AGN-driven IR continuum. When the Starburst component is isolated, [ClI]
remains a faithful measure of the star formation activity.
The ratio of [CII] line flux to the continuum at 158 ym remains relatively constant across
classifications, suggesting that the far-infrared continuum near 158 pm is also domi-nated
by star-forming regions. For pure Starbursts, the continuum alone at 158 um provides a
secondary SFR indicator. However, in AGN-dominated systems, using only the far-infrared
continuum to estimate SFR can lead to moderate overestimates (by a factor of about 1.4).
This highlights the importance of line diagnostics like [Cll] for ac-curate SFR estimates in
complex systems.
High-resolution measurements of [Cll] line profiles and comparisons with neon lines
reveal that line widths and kinematics are broadly similar across AGN, Composite, and
Starburst classifications. The median intrinsic [CII] line widths (~200-250 km s™') do not
depend strongly on nuclear activity type. Moreover, [Cll] and [Nell] lines yield con-sistent
redshifts, demonstrating the utility of these far-infrared and mid-infrared lines as reliable
probes of galaxy velocities and distances.
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Analysis of [ClI] line profiles show a range of shapes—Gaussian, flattened, or asym-
metric—implying that not all linewidths are driven purely by random motions. While
comparing line widths to various luminosities suggests that the gravitational potential
traced by the mass of more evolved stars (as indicated by H-band luminosity) may mod-
estly influence the observed kinematics, the dominant mechanism controlling [CII] line
width remains unclear.

These results solidify the role of [Cll] 158 pm emission as a key diagnostic of star for-
mation in diverse galactic environments. They demonstrate that [CIl] emission is an in-
tegral counterpart to mid-infrared emission line and PAH diagnostics, providing robust
SFR measures and aiding in disentangling star formation from AGN effects. In addition,
the kinematic analyses improve our understanding of the gas dynamics in galaxies, though
further work is needed to pinpoint the main drivers of the observed velocity dispersions.
In summary, [CIl] emerges as a powerful, versatile tool for studying the star-forming
properties and kinematics of galaxies, serving as a cornerstone for multi-wavelength
analyses of galaxy evolution.
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Uwnbtwlununigywtt  hpdbwlwt  tywwwlyt £ nwnduwuhplp Shghlulwt
hwuwynigynitupp b wpngbiubbpp, npnup wbnh Bu niibundd  thnond  hwpniun
wunnwnwsowgdwu pnuynwing quijwlwhlwubpnud (Starburst galaxies - SB) U wljinhy
gwwywhluwlywu dhonyubpnd (USU, Active Galactic Nuclei -AGN)' oquwgnpdtiny
[CH] 158 dyd wnwpdwU ghdp npwbtiu hhduwwu ybpnwdwlwu gnpdhp:
Nwnwiuwupptiing  [CH]  (nwwwnynieyniuubiph,  wunnunwewgdwl  wbkdwh  (Star
Formation Rate - SFR), huswbtu twl' dhohu-tupwywpdhp wnwpdwu gdtph dholu
Gwwp' hbnwgnuneniup bywowly  ndh. nwnuiuwuhpl] gquwyunplwubpnd
wunnwnwewgdwu U quwyumhluwih dhonyh wlywhynigw dhol Yuwwp, uwhdwub)
[Cl] 158 Jyd wnwpdwlu ghdp' npuybu wunnunwowgdwu nbdwh punyewghp,
hwunwwbu'  tnond  hwpnwn dhowdwypbpnd,  unwbtw]  wwwnlbpwgnudubp
qujwyunhluwubph Ednymghnt thnybiph dwupt’ Yeunpnuwuwing hwnuwwbu Jd6s
Yuwpdhp 2tinnuwd niubgnn thnpny Yluwagwsd hbnwynp hwdwlwpgbiph ypw:

Wu  woluwwnwupp  Uwwunnd £ Bopwlwpdhp wnwpdwt  gdtph nbkipp
guwjwywhYwibph  wnwowgdwu pwpdhy  wpngbutbpnul  hwuljwuwint b win
wpngbuubpp nbwh EYnynighnt wyth qun thnytp dnnbuydnpbniu:
Uwnbtwlununipjwt hhduwlwu wpryniupubpu Gu.

379 .
379 - ,
« »=
(Herschel observed spaxel) (Spitzer IRS observed
slit) : [cm ([Nell]  [Neill]) , '

« »-

CASSIS (Combined Atlas of Sources with Spitzer IRS
Spectra) (http://'cassis.sirtf.com/herschel):
(SFR: star formation rate)

[Cln]
. log(SFR) = log L([CIl]) - 7.0 £ 0.2 (

Me 1 (11)- o ):
3. 6.2 (Polycyclic  Aromatic Hydrocarbon - PAH)
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Suiwywhlywubph nwuwlwpgdwt hwdwp dGup npnbignt) Gup hGnbyuw
swithwuhop. Geb gdh EW (Eydhywibun jwjunyeyniup)' EW (6.2 pm) < 0.1 pm,
wju wnpjnipubinp nwuwlwngytb) Gu npubiu USU-ubip, beb 0.1 pm < EW (6.2
pm) < 0.4 pym, wwyw' dhgwuljw wnpjniputip, huy bipb EW (6.2 pm) > 0.4 pm,
nwuwlwpgyb| U npwbu wunnuinwewgdwu pnulynwing quwlwnhyubp:
[CIl] 158 dlyd ghdp npwbiu wiuwnnwnwewgdwii punyewighp.

Swppbp puntpwgptiph hwdbdwwndwt wpryniupnid unwgytg k, np [CII] 158
dyd gdh hwunwuhpubipp wuthnithnfu Gu dunwd twppbp nuuwlwpgnuwubiph
nbwpnd L sk dhinthinfudnud USU-h wnluwynygyut nbwpnid, hanbwpwp'
hunwl Yupbih b wit hwdwnb) npwbu wunnwnwewgdwu gnighy:

Lbinup qdliph hwdbdwwnnigymbp [CH] 158 dyd géh hbw.

Uwnwgh Gup, np, huswbu [ClI] 158 dyd-p, wjuwbu &' [Nell] 12.81 dyd-p,
punpwgpnd Bu quuluhluwih wunnuwnwewgunn Yndwynubuwp, dhusnbn'
[Nelll] 15.55 dyd ghdp niuh Yndynubun' wgnwd USU-h Ynndhg:

[Cl] 158 dlyd gdh wpndhiubinh nwuwlyuwpgnidp.

Q6h wpndhjubpp nwuwywpgyb Gu qunwhwt, wuphdbnphy bW hwppbgyws
whwbiph, nph wwwwlhu £owwppbpwytp wi wpndhiubipp,  npnup
wlhwynnpbt - wgnwd 5 quulyuhlwih  uyuwywnwlyh  wwnnynhg
(hwppbgywsd) U npnup hwywlwpwp wnwowunwd U qugh bnwswih
owpddwt htinbwupny (wuhdbinphl):

[Cll] 1568 dud qoh  wpndpiubnh  hwdbdwwnysiniipn  wwpptin
(nwwinyniniiiinh hn.

[CH] wnwpdwu qgéh Yhuwwjunienwiubpp  hwdbdwinbp Gup hp huy
(niuwwnynieniutbiph hbwn (punipwagpnud £ wuwnnwnwewgdwt hbn Yuwyywsd
gugh quugywdp), dnin-Gupwlwpdhp (H 1.6 dyd) (punyewgpnud £ wybh
qungqugwd ns Gphunwuwpn wunnbph nwnynyeggniap) b Gupwlwpdhp 22
dyd (punypwgpnid t wybih Gphunwuwpn, sbnd wuwmnbph nwwwnynieniup,
npnup wwpwgunwd Gu Ginght) [nwwwnynipyniutbph hbiin' npnabiine hwdwp'
wprynp  [CHI]  wpwgneymitubpp Juwdwd  Gu quulwpluwjh  npuk
(nuwwnyniejwi hbn: Unwgdby B (nuwndnpywi gpnwdubpp, huswbu twl!
ptiph ufuwiubpp wdbkuwihnppu Gu H [nuwwnynyejuu hwdwn, nphg Yupnn
Gup Lgqpulwgub], np wybh Yugqdwynpywd wuwnmntph quugwdp Yuwpnn £
hwunhuwuwy [CH]-h jwjungynibutiph YGpwhulydw oy gnpénu:
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ABTOpegepar

OcHOBHas Uenb 3TON AuccepTaumy - uccnefoBatb (PU3NYECKMe CBOWCTBA M MPOLECCHI,
npoucxogswine B ranakTMkax CO BCMbIWKOM 3Be34,006pa3oBaHMsA W akKTUMBHbIX fapax
ranaktnk (AAr: AGN), 6oraTbiXx MNblbO, UCMONL3YS ANHUKO K3nydeHusa [CU] 158 mkm B
KayecTBe AMarHOCTUYECKOro WMHCTPYMeHTa. M3ydad Koppenaumio Mexay CBETMMOCTAMMW B
nvHum  [CH], ckopocTamu 3Be3goobpa3oBaHuss (SFR) M OCOGEHHOCTAMM M3NydYeHUsi B
cpefHeM MHGpakpacHOM [AuanasoHe, WCCNefoBaHWe HanpaBieHO Ha: ynydlleHue
NOHMMaHWA B3aMMOJEWNCTBUS MeXay 3Be3joobpasoBaHVeM U akTMBHOCTbO AGN B
ranaktmkax, ycoBepLUeHCTBOBaHWE WCNOMb30BaHMS nAuHWM [CM] 158 MKM B Ka4ecTBe
HageXXHoro uHavkatopa ans SFR, ocob6eHHO B 60ratbix MblIbO cpefax, obecrievyeHne
NOHMMaHUA 3BOJIIOLMOHHBIX (ha3 pas3BUTUA ranakTuk, COCPefoTOUMBLUUCH Ha cUCTEMax C
BbICOKMM KPacCHbIM CMELLEHNEM, CKPbITbIX Mbl/bHO.
3Ta pabota BHOCMT BKIag B 6onee LWMPOKUE YCUAUS MO MOHUMAHWIO PO JINHWIA
MH(PaKpPacHOro M3nyYyeHus B OTCNEXUBAHMN NPOLLECCOB, YNpaBasowmx GopM1MpoBaHem
W 3BOJIIOLMEN ranakTMK Ha NPOTAXKEHUM Xab6N0BCKOro BPEMEHW.
OCHOBHbIMW pe3y/bTaTaMu guccepraumy ABASIOTCS:
1 Knpaccudmkauyma 379 ranaktuk:
Mbl  knaccugmumpyem 379 ranaktmkum kak AGN, Composite wam Starburst,
HabngaBLUMeCcA KakK C MOMOLLbI0 KOCMUYeCcKOoro Teneckona CnuTuep, Tak U ¢
NoMOLLbi0 KOCMUYeckoin obcepatopun epuiens. Pesynbtatel gna [CM] u nnHwia
HeoHa [Nell], [Neill] cpaBHuBaKOTCA nyTemM onNpeaeneHnss MecTONONOXEHUS
HabnopatensHoro cnekcenss PACS (PACS spaxel), Kotopblii Hanbonee TOYHO
COOTBETCTBYET MONOXeHMIo wenu IRS. CO6CTBEHHbIE LWMPUHBLI NPOGUAEA NMHUIA
onpegenstoTca nyTem NPYIMEHEeHNs 3MMMPUYECKNX N3MepPEeHHbIX
MHCTPYMEHTa/IbHbIX LUMPUH U3 HabniogaeMbix MaaHeTapHbIX TyMaHHOCTE wam
obnacteii Fill. Bce npodumnn nuHmin [CM] n HeoHa BMeCTe C Ha/OXEeHUAMU
crnekceneir PACS no cpaBHeHuio co wenamu |RS npounniocTpupoBaHbl B
crnekTpanbHoM atnace CASSIS dhttp://cassis.sirtf.com/herscheh.
2. KanmbpoBka ckopocTu  3Be3goobpasoBaHusi  (SFR) ¢ MCNoONb30BaHWEM
3MUCCMOHHOM NnHMK [CIM] 158 MKMm:
PaboTta obecneunBaeT cTabubHY0 KaIMbpOBKY CKOPOCTM 3Be34,0006pa3oBaHus,
0COBGEHHO B MblIEBbIX Cpefax, rae U3BeCTHble ONTUYECKNe NUHUKN, N3MepPAtoLLMe
CKOpPOCTb 3BE€34006pa3oBaHus, MornowarTca. B guccepraumm nokasaHo, 4TO
ceetumoctb  [CM] B HEKOTOpPOA  CTemeHW  3aBUCMT  OT  CKOPOCTU
3Be3f006pa3oBaHus cnegytowmm obpasom: log(SFR) = log L([CII]) - 7,0 £0,2
ans SFR B MOrog 1m L([CI1]) B 10.
3. XapaktepucTtuka 6,2 MKM MAY Kak KpuTepuin Knaccugpumkauunm:
Mbl npuHsnn kputepuun, vto AAr nmetot EW (6,2 MkM) < 0,1 MKM, COCTaBHble
WNCTOYHUKM MMEIOT NpoMexyTouyHble 0,1 Mkm < EW (6,2 Mkm) < 0,4 MKM, a
ranakTukyi Co BCMbIWEYHbIM 3BE34006pa3oBaHneM umeroTr EW (6,2 mkm) > 0,4
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MKM. DTOT  UTepUil KnaccudpmKauum obecreuvBaeT HaLexHbll MeTon OniA
BbIABNEHWA  OCHOBHbIX  [ABWMMYLLMX  CUA  FanakTMYeCKOro  W3Ny4yeHWA
paccmatpriBaeMbIX 06LEKTOB.

[CH] 158 MKM NNHUA KaK MHAMKATOP 3BE34,006pa3oBaHUs:

B pe3ynbTate CpaBHEHUS pPa3/iMYHbIX XapaKTePUCTUK 6bi10 YCTAHOB/EHO, 4TO
0COGEeHHOCTU NiMHUKM  [CM] 158 MKM OCTatoTCsi HEM3MEHHbIMU MpU  PasHbIX
KnaccuuKkaumax n He U3MeEHAKOTCA B NpucyTcTBUM AT, NO3TOMy ee 0jHO3HAYHO
MOXHO paccMaTpuBaTh Kak UHAMKATOP 3Be34006pa3oBaHus.

CpaBHeHWE NMHWIA HeoHa ¢ NnHKen [CM] 158 MKwm:

MokasaHo, 4to Kak [CM] 158 mkm, Tak u [Nell] 1281 MKM xapaktepusywoT
3Be34000pa3yoLnii KOMMOHEHT ranakTnku, B To Bpems kak nnHus [Neill] 15,55
MKM 06YycnoBfeHa KOMMNOHEHTOM cpefbl, Ha KOTOPbI BnseT AAT.
Knaccugukauyms npodunein nuHunin [CM] 158 Mkm:

A knaccudmymposana sce npogunn [CI] no opme (rayccoBbl, aCUMMETPUYUHbIE
1N cnalouWeHHble). Llenb 3Ttoli knaccuukaumm — pasnnuutb Npoduan, SBHO
3aTPOHYTble BpalleHMEM [AucKa (CNIIOLWEHHbIE), M Te Npoduan, KoTopble,
BEPOSITHO, BO3HUKAKOT M3-32 BUPUA/IN30BaHHbIX TPEXMEPHbIX ABVKEHWI rasa
(acMmmeTpuyHbIE).

CpaBHeHwue npodgunein nnHum [Cr] 158 MKM C pasnnyHON CBETUMOCTbIO:
LLnpuHa ammnccrmoHHom nuHum [CIM] cpaBHMBaeTCA CO CBETUMOCTbIO B NnHumK [CIT]
158 MKM (XapakTepu3yeT maccCy rasa, CBsi3aHHOro ¢ o6pa3oBaHWeM 3Be3f), CO
CBETMMOCTbIO B 6NIMXKHEM MH(hpakpacHOM ananasoHe 1,6 Mkm (M) (xapakTepusyet
CBETMMOCTL GOfee  pas3BUTbIX, CTapbliX 3Be34) W CO CBETUMOCTbIO B
MH(paKpacHOM AuanasoHe 22 MKM (XapakTepu3yeT CBETMMOCTb MONOAbIX, 6onee
ropsiumx 3Be3f, KOTOpble HarpeBatoT Mblfb), YTOObLI BbISIBUTh, CBA3aHA /N Kakas-
60 CBETUMOCTH C Ancrnepcureli CkopocTu. ucnepcumn CBETUMOCTU HaMMEHbLUNe
[NA CBETUMOCTM B nonoce W, a HeonpeaeneHHOCTb HaK/oHa AN MNOArOHKN TUHUN
HauMeHbLUass AN CBETMMOCTM B nonoce M. fi Mpuxoxy K BbIBOAY, U4TO
rpaBuUTaLMs, CBA3aHHasi C Maccoii 3BO/MOLMOHMPOBABLUMX 3Be3[ (CBETUMOCTbIO
M), aBnsetca cnabbiM (DaKTOPOM, KOHTPOAUPYHOLWMM LWNPUHY AnHuK [CM], Ho
LUIMPUHA IMHUW B NEPBYIO OYepeab OnpeaensieTcs MexaHM3MOM, KOTOPbIA A0 cux
nop HeW3BECTEH.

ILtiiuhfiui UuiJuntijuili / Anahit Samsonyan / AHauT CaMCOHS$IH
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