Dynamical evolution of local
gas-rich galaxy mergers
from NIR spectroscopy

DISSERTATION

der Fakultét fiir Physik der Ludwigs-Maximilians-Universitat Miinchen
zur Erlangung des Grades
Doktor der Naturwissenschaften
Dr. rer. nat.

vorgelegt von

Kalliopi-Maria DASYRA aus Athen, Griechenland

Miinchen, den 1. Mai 2006



Erstgutachter : Prof. Dr. Reinhard Genzel
Zweitgutachter : Prof. Dr. Andreas Burkert
Tag der miindlichen Priifung : 23 Oktober 2006



Contents

[Résumé| 3
|1 Introduction: Galaxy mergers in a general framework| 5
(1.1 The role of mergers in galaxy evolution| . . . ... ... .. .. 5
[1.2  The predicted evolution of galaxy mergers . . . . . ... .. .. 6
[1.3  Observational classification of mergers| . . . . . . ... ... .. 11
(1.4 Aim, observations, and techiques of this work{ . . . . . . .. .. 12

|2 Pre-coalescence ultraluminous merger phases| 17
[(Conditions for ultraluminous activity in local mergers)| . . . . . .. 17
2.1 Introductionl. . . . . . . .. .. L 18
2.2 Observations and Data Reductionl . . ... ... ... ... .. 19
[2.3  Structural parameters| . . . . . .. ... ... ... 27
2.4 ULIRG stellar velocities and black hole masses) . . . . ... .. 33
[2.5  Progenitor mass ratios| . . . . . ... ..o 36
2.6 A model for the evolution of the mass ratiof . . . ... ... .. 41
27 Conclusions . . . .. .. .. .. 42

|3 Post-coalescence ultraluminous merger phases| 45
[(Evolution of the stellar kinematics during the ULIRG phases)| . . . 45
8.1 Introductionl. . . . . . . .. .. Lo L 46
3.2 Observations And Data Reduction| . . . . ... ... ... ... 43
13.2.1 Data Acquisition And Analysis| . . . . .. ... ... .. 48

13.2.2  Pre- and Post-coalescence Sample Classification|. . . . . 56

(3.3 Traces of Fvolution In The Stellar Kinematicsl . . . . . . . . .. 57
[3.4  Origin Of The ULIRG Remnantg . . . . . .. ... ... .... 60
.50 FEnd Products Of ULIRGsl . . . . . .. ... ... ... ... .. 62
[3.5.1 The Masses Ot Ultraluminous Merger Remnants| . . . . 62

(3.50.2 ULIRGs And The Fundamental Plane Of Esl . . . . . . 63

BE3 D ST e ol UTIRCS o the T - . 68
13.5.4  Wavelength Dependence Ot The Stellar ¢ Measurement| 71
3.6 Black Holesin ULIRGsl . . ... ... ... ... ... .... 73




Contents

13.6.1 A Picture Of The Mpy-0 Relation Time Evolution|. . .
3.6.2 Black Hole Sizes and Accretions Rates| . . . . . . . . ..

[4 A scenario of QSO phases|
[(Host dynamics and origin of Palomar-Green QSOs)| . . . . . .. ..
I4II lllll!!g]l]!;l ig)Ill .............................

[4.2.1  Sample selection| . . . .. ... ... 0000
|4.2.2  Data acquisition and analysis| . . . . . ... ... ....

4.3.1 Host-galaxy dynamical propertiesf. . . . . . . . ... ..
[4.3.2  Black hole properties|. . . . . . ... ... 0.
4.4  ULIRG vs. (IR-excess) PG QSO dynamics|. . . . . .. ... ..
M5 Discussionl . . . . . v oot
[4.5.1 Relation of PG QSOs to gas-rich mergers| . . . .. . ..
4.5.2  Relation of PG QS0Os to other QSO populations| . . . .
H,!i g:!!“g l”sisz“sl .............................

5 Conclusions|

[Acknowledgements|

73

110

111

112



Résumé / Zusammenfassung

This study aimed to trace how the stellar kinematics evolve when two gas-rich
galaxies merge. To study the evolution of such mergers, Very-Large-Telescope
observations were performed for the best-suited galaxy population in the lo-
cal Universe, the Ultraluminous Infrared Galaxies (ULIRGs). The prodigious
infrared emission in ULIRGs originates from the intense star formation that
occurs when large amounts gas are driven to the center of the merging system.
We acquired near-infrared H- and K-band spectroscopic data of 54 ULIRGs
at various merger phases; approximately half of the sources in our sample have
two distinct nuclei. For each source, we derived the stellar kinematics from
the high-resolution spectra by studying the profile of the stellar CO absorp-
tion lines. The shape of the profile along various slit positions enables us to
measure the rotational velocity, Vit and velocity dispersion, o, and to com-
pute the stellar and black hole (BH) masses. We find that ULIRGs are mostly
triggered by mergers of roughly equal-mass galaxies. Their mean velocity dis-
persion equals 150(4 33) km s=! . A possible trend of dynamical heating of
the galaxies as the merger evolves is observed at marginal statistical levels.
The kinematic, structural, and photometric properties of ULIRGs indicate
that they are dispersion-dominated systems and that they mainly result in
the formation of 10'°-10'! M mass elliptical galaxies (Es). Their locus on
the fundamental plane of Es indicates that their end products are typically in-
consistent with giant Es. The BH masses in ULIRGs are of the order 107- 108
Mg . To investigate whether ULIRGs go through quasar (QSO) phases dur-
ing their evolution, we have acquired similar data for 12 local Palomar-Green
(PG) QSOs. The mean bulge dispersion of the PG QSOs in our sample equals
186 (4+24) km s~ . The measurement of the stellar dispersion in QSOs en-
ables us to place them on significant observational diagrams, such as the local
BH mass and host-galaxy bulge relation and the fundamental plane of Es. On
the latter, PG QSOs are located between the regions occupied by moderate-
mass and giant Es. Their bulge and BH masses are on the order of 10! M,
and 5 x 107 — 10® M respectively. PG QSOs seem to be triggered by gas-
rich mergers, and therefore likely formed in an analogous manner to ULIRGs.
However, other local QSOs with supermassive black holes of 5 x 108 — 10? M,
that reside in massive spheroids have a different formation mechanism.



Résumé/Zusammenfassung

Diese Arbeit untersucht die Entwicklung der stellaren Kinematik im Fal-
le einer Verschmelzung zweier Galaxien mit hohem Gasgehalt. Zur Untersu-
chung der Evolution derartiger Verschmelzungen wurden Vertreter der hierfiir
am besten geeigneten Galaxienpopulation im lokalen Universum, die Ultra-
luminous Infrared Galaxies (ULIRGs), mit dem Very Large Telescope be-
obachtet; die Infrarotemission dieser ULIRGs hat ihre Ursache in intensiver
Sternentstehung, die auftritt, wenn grosse Mengen an Gas in das Zentrum
des verschmelzenden Systems transportiert werden. Wir haben spektrosko-
pische Nah-Infrarot H- und K-Band-Daten fiir 54 ULIRGs in verschiede-
nen Stadien der Verschmelzung gewonnen; etwa die Hélfte dieser Quellen
besitzt zwei getrennte Kerne. Fiir jede Quelle haben wir die stellare Kine-
matik aus hochaufgelosten Spektren durch Untersuchung der Profile stellarer
CO-Absorptionslinien bestimmt. Die Linienprofile (und ihre Anderung mit
der Spaltposition) ermoglichen uns die Messung der Rotationsgeschwindigkeit
Viot und der Geschwindigkeitsdispersion o, sowie die Berechnung der Massen
der Sterne und der Schwarzen Locher (SL). Wir kommen zu dem Schluss,
dass ULIRG-Aktivitdt im Wesentlichen durch die Verschmelzung von Galaxi-
en anndhernd gleicher Masse verursacht wird. Thre mittlere Geschwindigkeits-
dispersion betriagt 150 (33) km/s. Eine mogliche Tendenz in Richtung dyna-
mischer Aufheizung der Galaxien mit fortschreitender Verschmelzung ist mit
marginaler statistischer Signifikanz beobachtbar. Die kinematischen, struk-
turellen und photometrischen Eigenschaften von ULIRGs deuten darauf hin,
dass sie dispersionsdiminierte Systeme sind und sie im Wesentlichen in der Bil-
dung von elliptischen Galaxien (Es) mit 10'° - 10!! Sonnenmassen resultieren.
Thre Position in der Fundamentalebene der Es zeigt an, dass ihre Endprodukte
typischerweise inkonsistent mit Riesen-Es sind. Die Massen der SL in ULIRGs
bewegen sich im Bereich 107 - 108 My . Um zu untersuchen, ob ULIRGs
wéihrend ihrer Entwicklung Quasar-Phasen durchlaufen, haben wir vergleich-
bare Daten von 12 lokalen Palomar-Green QSOs (PG QSOs) gewonnen. Die
mittlere Bulge-Dispersion der PG-QSOs in unserer Stichprobe betriagt 186
(24) km s~! . Die Vermessung der stellaren Dispersion in QSOs erlaubt es
uns, sie in geeignete Diagramme, wie die Relation von lokaler SL-Masse und
Geschwindigkeitsdispersion des galaktischen Bulges, sowie die Fundamental-
ebene der Es, einzutragen. Im zuletzt genannten Fall befinden sich PG-QSOs
zwischen den Regionen von Es mittlerer Masse und denen von Riesen-Es. Ihre
Bulge-Massen betragen um 10'' M, , die Massen der SL um 10" My and
5 x 107 — 108 My . PG QSOs scheinen ihren Ursprung in Verschmelzungen
gasreicher Galaxien zu haben analog zu ULIRGs. Allerdings zeigen andere
lokale QSOs mit supermassiven Schwarzen Lochern in massiven Sphéroiden
eine unterschiedliche Entstehungsgeschichte.



Introduction: Galaxy mergers in a
general framework

1.1 The role of mergers in galaxy evolution

The mergers of galaxies have been under examination for several decades.
Already in 1941, [Holmberg | (1941)) created an experiment to study how two
rotating galaxies merge using light bulbs to simulate the stars in each galaxy.
Somewhat later, observations of galaxies with perturbed morphologies and
clear signs of interactions were performed (e.g., |Arp ||1966). While some
cases showed an unambiguous sign of interaction, the presence of 2 perturbed
galaxies, other showed tails of undetermined origin. In 1972, in what has be-
come the seminal work on galaxy mergers, Toomre and Toomre pointed out
that these perturbations had originated from galactic mergers instead of e.g.
winds or outflows. The origin of these objects was then clearly established.
Still, galaxy mergers were thought as local oddities. Toomre | (1977) further
suggested that mergers may convert one galaxy type (spiral) into another (el-
liptical) along the Hubble sequence. In the 90s it was clear that mergers drive
galaxy evolution by forming elliptical galaxies (e.g., Kormendy & Sanders
1992; Kauffmann & White [1993)). Nowadays, all recent simulations of galaxy
formation and evolution (e.g. |Springel et al. ||2005¢) aim to optimize the pa-
rameters upon which the mergers depend to allow for a better understanding
of the galaxy counts at all redshifts.

Mergers not only transform one galaxy type into another but, during their
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occurence, drive phenomena that are extra-ordinary compared to the pro-
cesses that take place in quiescent galaxies. Such phenomena are the very
intense formation of stars (starbursts), the formation of a central massive ob-
ject (a black hole) and the accretion of matter upon it (see § for more
details). By altering the dominant stellar population in the colliding galaxies
and forming objects with different stellar structure and orbits, mergers drive
the most important phenomena in galaxy evolution and affect or explain vari-
ous observational relations. Such examples are the luminosity function (which
is the density of a galaxy type per luminosity bin; see [Schechter |[1976/ and
references therein), the fundamental plane of early-type galaxies
\& Davis |[1987; |Dressler et al. |[1987)), and the relation between the black hole
mass and the bulge dispersion in a galaxy (Ferrarese et al. | 2001}; |Gebhardt
et al. |[2001). The origin and the influence of mergers on these relations are
the object of study of many recent simulations (e.g. Hopkins et al. |[2006;
Kaviraz et al. |2006; Robertson et al. |[2006a, Robertson et al. |2006D).
Accumulating evidence shows that the significance of mergers was higher
in the early universe than at redshift z=0 (mainly from submillimeter stud-
ies, mid-infrared selected samples, and mid-infrared follow-up of deep optical
surveys; see a nice review by |[Lonsdale et al. |[2006)). This is in part due to
the small volume that the early Universe occupied. Furthermore, the younger
galaxies had higher gas fractions (since smaller amounts of gas had collapsed
to form stars) than present day galaxies. A dramatic increase in the number
of mergers in the high-redshift Universe is predicted by several recent models
of galaxy formation (Springel et al. |2005¢; Khochfar & Burkert [[2003; Kavi-|
raz et al. ||2006). The peak of the merger-induced infrared (IR) emission is
believed to be in the redshift range 1 < z < 2 (e.g., Pérez-Gonzélez et al. |
2005|, Lagache et al. |2004} [Elbaz |2005) and it is mainly responsible for the
presence of a cosmic infrared background (Puget et al. |[1996; [Dwek et al. |

1998).

1.2 The predicted evolution of galaxy mergers

The evolution and outcome of mergers of two gas-rich galaxies has been exten-
sively studied in the literature from a theoretical viewpoint (e.g.,
11993} Barnes & Hernquist |[1996; [Mihos & Hernquist |[1996; Naab & Burk-|
lert |2003} Springel et al. |[2005b). The main parameters that determine the
end products of such mergers are believed to be well understood; the out-
come mainly depends upon the initial amount of gas and the mass ratio of
the merging spiral galaxies (e.g., Mihos & Hernquist |{1996; Mihos & Bothun
|[1998; Bendo & Barnes |[2000; Naab & Burkert |[2003; [Mihos & Hernquist |
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1994). The importance of gas in the merger process is that it is provides a
dissipative component that assists the collapse of the mass to the center of
the system by overcoming the angular momentum which tends to drive the
mass towards the exterior of the system (Hernquist et al. |[1993; [Hernquist &
Mihos |[1994)); this way it enables the formation of systems with elliptical-like
intensity profiles. The mass ratio of the initial galaxies is connected to the
depth of the potential well of the most massive component and it is therefore
proportional to the amount of gas of the least massive component that inflows
to the center of the system.

For gas masses typical of those of local galaxies (i.e., ~10% of the stellar
mass) mergers of roughly equal mass systems, the so-called major mergers,
lead to the formation of elliptical galaxies. In contrast, mergers of large mass
ratio (> 4 : 1), which are called minor, can preserve or even enhance the
pre-existing angular momentum depending on the orientation of the merging
system (e.g., Mihos et al. |[1994; Mihos & Hernquist |1996; Bendo & Barnes
2000)).

The picture of how a major merger of gas-rich galaxies evolves in the lo-
cal Universe is believed to be as follows: As the two galaxies approach each
other, their stellar disks collide and distort and their gas starts flowing to-
wards the center of the system. This phase is called “first encounter”. As the
distance between the galaxies decreases, the gravitational attraction between
the bulges increases and so does the gas infall towards the center of the merger
as a result of dissipation. The stars follow the gas in its infall due to changes
in the potential well of the merging system that take place within less than
a dynamical timescale (“violent relaxation”). Long tails (consisting of both
stars and gas) are also formed due to gravitational torques and tidal forces
caused by angular momentum conservation constraints. The two galaxies con-
tinue to approach one another until the time they reach the perigalacticon;
due to momentum conservation they continue moving in a divergant orbit
prior to falling back towards each other. At that point they rotate (possibly
several times) around each other before they finally merge and reach relax-
ation. After the nuclei coalesce, the gas infall to the center of the merger
decreases; it finally stops ~ a few 10® yrs later due to outflowing supernova
winds related to the on-going star formation and to feedback to the interstel-
lar medium (ISM) from an active galactic nucleus (AGN). The final remnant
is supported mainly by random motions instead of systematic rotation. The
whole baryonic-matter-merger process takes ~10%yrs. A description of this
merger picture is presented in Fig. [I.I] This picture is taken from [Springel
et al. | (2005b) and shows the evolution of the gas in the disks as the merger
advances.

The end products of major mergers of high-redshift spiral galaxies are more



1 Introduction: Galaxy mergers in a general framework

T=0.10Gyr T=020Gyr T=0.30 Gyr T=040 Gyr

T = 0.50 Gyr T =060 Gyr 3 4 T=090Gyr

T=1.10Gyr

T=1.50 Gyr T=160Gy T=180Gyr T=1.90 Gyr

Figure 1.1: The dynamical evolution of the gas disks in a binary merger
(taken from |Springel et al. [/2005b). The color map contains temperature
information; blue colors have colder temperatures than red colors; the cold
gas in the initial disks gets dynamically hot as the merger evolves. At the end
most of the gas is either accreted to the center of the remnant or blown away.
The geometry of the remaining gas is much more random-motion-dominated
than that in the initial well-structured disks.

diverse because the amount of gas contained in their disks was greater than
that in the current-epoch disks EL Simulations that assume the initial disks

The gas fraction in high-z galaxies is higher than than in local spirals by up to 40%
according to recent observations (Neri et al. ||2003; |Greve et al. |[2005; Tacconi et al.
2006).
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to be of gaseous nature indicate that the outcome of high-z gas-rich mergers
may either be an elliptical or even a spiral galaxy that possesses a massive
bulge (Springel et al. |2005a; Springel & Hernquist |[2005). The result again
depends on the amount of gas in the initial galaxies (it is found for purely
gas disks) and on the presence of a bulge and an AGN. According to Springel
et al. | (2005a)), the most important parameters for the determination of the
outcome are the assumptions made for the way the AGN couples with its
surrounding gas; these namely are the fraction of the gas accreting onto the
black hole and the feedback of this accretion to the ISM.

While the picture we have for the end products of spiral-spiral (S-S) or
gas-rich mergers E] is well understood, that for the intermediate merger phases
(i.e. between first encounter and final relaxation) is rather unclear. The un-
certainties mainly originate from the simplified treatment of the ISM (i.e., the
gas and the dust). For example, it is not well understood at what point in
time the gas infall to the center of the merger is maximum; since the amount
and pressure of the gas regulate the formation of new stars, it is unclear at
what point the strongest star formation or starburst events occur. In individ-
ual sources, the time that the major starburst takes place may significantly
vary (e.g., Mihos & Bothun |[1998). On a statistical basis, it is believed that
the starburst peaks roughly between first encounter and shortly after nuclear
coalescence (see Fig. ; Mihos & Hernquist |1996}; |Springel et al. | 2005b; Di
Matteo et al. [2005). The result mainly depends upon the size of the galaxy
bulges (since large bulges stabilize the gas and delay its fall to the center of
the system), the presence of a black hole (since it acts as a strong gravita-
tional point at the center of the system), and the strength of the winds from
the supernovae and the AGN (since they drive gas away from the center).
Since the gas that flows to the center of the merger is responsible for both
initiating circumnuclear starbursts and feeding the AGN, the growth of the
central black hole depends upon the same parameters and carries similar un-
certainties. It is not established, for example, whether the AGN accretion can
be often strong enough to lead to an emission similar to those of Quasi-Stellar
Objects (QSOs), i.e. 102 L. Such a scenario was presented in Sanders et
al. | (1989) who suggested that ULIRGs go through a phase of high accretion
onto the central AGN beyond the coalescence of the merging nuclei and prior
to the formation of fully-relaxed remnants; this emission would reach QSO
luminosities once most of the gas and the dust are either exhausted in star
formation or expelled by winds from the center of the system, revealing the

20nwards, spirals are often denoted as “gas-rich” galaxies; this term is broader and more
appropriate for the merging systems under examination since it does not relate the
presence of gas with the strength of the spiral structure in the disk.
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Figure 1.2: The predicted evolution of the star formation rate for gas-rich
merger models that show how the major starburst depends upon a) the pres-
ence of a bulge, b) the presence of a black hole (and the accretion onto the
black hole and its feedback to the ISM). This figure is from |[Springel et al.
(2005b)) who overlayed their results (black solid line) to those of Mihos & Hern-
quist | (1996) (gray solid line). The presence of a bulge delays and that of a
black hole suppresses the star-formation event(s) which can otherwise already
occur after the first encounter (see Fig. .

central AGN. Furthermore, the relative strength at any point in time of the
closely-related starburst and AGN activities (e.g., Scoville et al. |2003)) is not
known. Such questions are addressed by seeking observational constraints to
the scenarios suggested in the literature.

Other types of merger (i.e., between a spiral and an elliptical galaxy and two
ellipticals) have not been studied as systematically as gas-rich mergers. Spiral-
elliptical (S-E) mergers are also believed to enhance the star-formation and
AGN-accretion activity; however these activities in S-E mergers will be less
intense than in gas-rich mergers since the latter possess greater amounts of gas
then the former. Elliptical-elliptical mergers (E-E; the so-called “dry” merg-
ers) are non-dissipative and therefore do not have significant AGN-accretion
or star-forming events (van Dokkum |[2005; Bell et al. |2006). The remnants
of E-E mergers are predicted to have an increased mass and degree of random
motions compared to the progenitor ellipticals, resembling mainly local giant
Es (Naab et al. |2006)).
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1.3 Observational classification of mergers

To study the evolution of galaxy mergers it is of primary importance to obser-
vationally identify objects representing each merger category. Unfortunately,
it is rather difficult to disentangle the various merger categories based on the
often-used method of visual recognition. The latter is only possible in the case
of mergers in early phases where both components are not significantly per-
turbed and their type can be identified. For the advanced mergers, where the
individual components cannot be disentangled, it is not easy to distinguish
between all possible initial conditions. Therefore, to select a homogeneous
sample of mergers, i.e. S-S, E-S, or E-E, one needs to set criteria other than
visual classification.

The most common method that has been established to identify mergers or
interactions of gas-rich galaxies is related to the identification of an excess of
infrared emission; the IR emission is known to originate from dust thermal ra-
diation in star-forming clouds and AGN accretion, both phenomena triggered
or enhanced by gas-rich mergers. The classification of mergers according to
their IR emission was mainly used after the launch of the Infrared Astronomi-
cal Satellite (IRAS) in 1983, when a plethora of sources with high emission at
12, 25, 100, and 160 pm was discovered (Houck et al. |[1985|), although sources
that output IR luminosity comparable to that in the optical were known to
exist since 1970 (see Sanders & Mirabel |1996, Lonsdale et al. | 2006 and ref-
erences therein). According to their (mid- and far-) infrared luminosity Lig
(integrated from 8 to 1000 pm) mergers are classified as follows:

e HyLIRGs: The Hyper-Luminous InfraRed Galaxies (HyLIRGs) are
the brightest of all gas-rich mergers. The IR luminosity of HyLIRGs
is greater than 10'® L and requires vast amounts of gas to generate
such strong starburst and AGN emission. Given their extremely gaseous
nature, HyLIRGs are particular of the high-redshift Universe.

e ULIRGs: Ultra-luminous InfraRed Galaxies (ULIRGs) have IR lumi-
nosities in the range 10'?2 < Lig < 10'3 L. ULIRGs originate from
the merger of two gas-rich galaxies, in order to possess the requered
amount of gas to shine with bolometric luminosities comparable to those
of quasi-stellar objects (QSOs). Although the volume density of ULIRGs
increases with redshift (Lonsdale et al. |2006| and references therein),
local ULIRGs are also rather frequent objects; they are 4 times more
common (Sanders & Mirabel |[1996)) that the most bright local QSOs in
the Palomar-Green Bright QSO survey (Schmidt & Green [1983). Given
their number counts and their well-defined initial conditions (which are
practically restricted to gas-rich mergers), local ULIRGs are the most

11
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appropriate population fot the observational study of the evolution of
galaxy mergers.

e LIRGs: With an IR luminosity 10! < Lig < 102 L., Luminous
InfraRed Galaxies (LIRGs) are believed to have a wide variety of origins.
Given their IR emission, which is higher than that of quiescent spirals,
LIRGs require the presence of at least 1 gas-rich component to trigger
their intense star formation episodes. However, they may sample both
the gas-rich, and E-S merger categories, or even be triggered by other
kind of interactions (e.g. fly-by) of spiral galaxies (e.g, Ishida |2004;
Wang et al. |2006). Some LIRGs could become ULIRGs or could be
former ULIRGs that faded away since all ULIRGs pass through a LIRG
phase before and after the peak of their IR emission (Mihos & Bothun
1998). Other LIRGs do not possess adequate amounts of gas to overcome
the Lig> 10'? threshold. Given their wide range of merger properties,
LIRGs are also frequent in the local Universe, although their number
density peaks at z ~ 1 (Pérez-Gonzalez et al. ||2005).

1.4 Aim, observations, and techiques of this work

The scope of this work is to trace observationally the evolution of mergers in
the local Universe. For this purpose we have carried out observations of the
merger population with the most well-defined properties, the local ULIRGs,
to solely sample gas-rich mergers. We have obtained spectroscopic data for
54 ULIRGs at various merger phases to derive their stellar kinematics. The
observed sources sample a wide range of projected nuclear separations, from
40 kpc to fully merged systems.

We have also made similar spectroscopic observations of 12 local QSOs,
to investigate dynamical links between the local ULIRGs and QSOs, follow-
ing scenarios which suggest that gas-rich mergers undergo short QSO phases
prior to forming fully-relaxed remnants (see § [L.2). These observations were
initially carried out as part of a pilot program since the extraction of the
stellar kinematics in the brightest local QSOs had not been presented before.
The reason is the presence of the strong continuum from the localized AGN
emission, which originates from the dust that surrounds the AGN. This dust
component is heated by the AGN to temperatures of the order 1000 K (the
grains dissipate at 1500K) and emits a thermal continuum that peaks be-
tween 2-3 pm. At the center of the system, the luminosity of this continuum
is strong, more than an order of magnitude, compared to that of the stars.
Therefore, it overwhelms the stellar light. To extract the kinematics of the
host galaxy in a QSO, one needs to sample the host at large apertures, i.e.,

12



1.4 Aim, observations, and techiques of this work

apertures roughly equal or larger than 1 half-light radius, Reg. However, at
those apertures the photon flux falls to less than 20% of its central value. To
overcome this problem the use of an 8m class telescope is crucial; for this
reason we carried out our observations at the Very Large Telescope (VLT) of
the European Southern Observatory (ESO) at Cerro Paranal, Chile. The ex-
cellent seeing conditions that constrained the spatial extent of the AGN light,
and the long on-source integrations (of 3-5 hrs) assisted our observations and
enabled us to extract the host dynamics from the QSO data. In total, the
observations of this program were allocated 21 nights (plus 3 nights of weather
compensation) at the VLT r‘j

The near-infared (NIR) spectrograph ISAAC (Moorwood et al. |[1998)
mounted on the Unit Telescope 1 of the VLT was used for the observations,
with a spectral resolution R = A/ of 5100. The observations were carried
out in the NIR regime, since ULIRGs are extremely obscured by the dust that
inflows to the center of the merger (together with the gas); the dust affects
the measured stellar dynamics (Baes & Dejonghe |2002; Silge & Gebhardt
2003)) by absorbing light from the central regions of a galaxy where the ve-
locity dispersion o is highest and scattering a part of this light to the edges
of the galaxy where o is small. To avoid these effects, we chose to observe
our sources in the H or in the K band, depending on the redshift of each
source and the windows of atmospheric transparency. In these wavelengths,
the stellar kinematics are mainly traced by the rovibrational transitions of CO
molecules in the atmosphere of stellar giants and supergiants. To determine
the stellar kinematics of a stellar ensemble, a template star that indicates the
intrinsic shape of each absorption feature is needed. The kinematics of the en-
tire galaxy can then be derived by comparing the line-of-sight (LOS) profile of
the absorption feature compared to that of the template. Deviations between
the two originate from the addition of red- or blue- shifted photons, which
originate from various stars moving at different directions. Changes (of the
peak) of the profile along different LOS enable us to measure the rotational
velocity , Viot and the width of the profile is a measure of the stellar velocity
dispersion.

Various methods that extract the actual value of these velocity moments
from the observed spectrum with the aid of a stellar template have been pre-
sented in the literature. The most common ones are the x? minimization
(see “Numerical Recipes”, Press et al. |/1992, and references therein) and
the Fourier quotient techniques (e.g., [Simkin |/1974; Sargent et al. |/1977).
The former method first creates broadened spectra by convolving the spectral
template with Gaussians of various dispersions and then selects the most ap-

3Large Program ID: 171.B-0442
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1 Introduction: Galaxy mergers in a general framework

propriate dispersion value by solving for the minimum difference between the
x? of the convolved and the observed spectrum. In the Fourier metholodogy,
the template and the galaxy spectra are Fourier transformed to take advantage
of the fact that in Fourier space convolution equals multiplication. The broad-
ening function is computed from the ratio of the transformed galaxy function
over the transformed template function and then converted back into normal
space. However, this method assumes that the two observed functions can
be described by series of exponentials of identical coefficients; in case of a
template mismatch, wiggles are introduced to the resulting broadening func-
tion (Bender ||1990)). In this paper we use a somewhat more sophisticated
technique presented in Bender | (1990)), which is less sensitive to template
mismatch. The idea behind this method is that instead of computing the
quotient of the Fourier-transformed functions, it is more accurate to compute
the quotient of the correlation function of the galaxy and the template spec-
trum over the autocorrelation function of the template spectrum. Due to the
multiplicative nature of convolution in Fourier space, the resulting broadening
function should be theoretically identical to that of the simple Fourier quo-
tient technique. Practically, the peaks of the correlation are mostly taken into
account on the computation of the broadening function, providing a weight
at those wavelengths where the resemblence between the template and the
galaxy spectrum is maximum. Therefore, this method is more stable to tem-
plate mismatch caused e.g., by noise that destroys the wings of the spectral
features. Furthermore, a Wiener filter is also applied in Fourier mode to re-
move high-frequency signal (noise). We then compute the peak and the full-
width-half-maximum (FWHM) of the broadening function (in normal space)
by fitting a combination of a Gaussian and a low-order polynomial to it ﬁ The
velocity dispersion can then be easily computed as c=FWHM/2.35 and the
rotational velocity from the maximum difference in the peak of the broadening
function along symmetric lines of sight.

The reduction of the spectra from which the kinematics of the sources are
derived is not identical for local ULIRGs and QSOs. The data extraction
techniques are therefore presented for each population in the chapter where
it respectively appears. The chapters are organized as follows: In chapter
we study what are the initial conditions that are required for a merger to
appear as ultraluminous in the mid- and far- infrared, through a study of the
kinematics of binary sources. In chapter [3| we investigate for evolution of the

4If the broadening function is fitted with a Gauss-Hermite polynomial instead, then the
curtosis and the skewness of the function provide further information on the stellar orbits
(Bendo & Barnes [|2000). This information can only be extracted for few nearby sources
where the signal-to-noise ratio is sufficiently large to study the behaviour of the high
moments of the distribution along several apertures.
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1.4 Aim, observations, and techiques of this work

stellar kinematics during the ultraluminous phases of a gas-rich merger by
comparing the kinematics before and after nuclear coalescence. We further
investigate what the end products of ULIRGs are by comparing the dynamical
properties of the remnants to those of ellipticals. In chapter [4| we present the
stellar dynamics in bright local QSOs and compare them to those of ULIRGs
to investigate for similarities in the evolution of the two populations. In
chapter [5| we summarize all conclusions derived from the analysis of the stellar
kinematics in ULIRGs and QSOs.
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Pre-coalescence ultraluminous merger
phases

...or... Dynamical properties of ULIRGs I: Mass ratio
conditions for ULIRG activity in interacting pairs

K. M. Dasyra, L. J. Tacconi, R. I. Davies, R. Genzel, D. Lutz, T. Naab, A.
Burkert, S. Veilleux, & D. B. Sanders 2006, ApJ, 638, 745

Abstract

We present first results from our Very Large Telescope large program
to study the dynamical evolution of Ultraluminous Infrared Galaxies,
which are the products of mergers of gas-rich galaxies. The full data
set consists of high resolution, long-slit, H- and K-band spectra of 38
ULIRGs and 12 QSOs (between 0.042< z <0.268). In this paper, we
present the sources that have not fully coalesced, and therefore have
two distinct nuclei. This sub-sample consists of 21 ULIRGs, the nuclear
separation of which varies between 1.6 and 23.3 kpc. From the CO
bandheads that appear in our spectra, we extract the stellar velocity
dispersion, o, and the rotational velocity, Vio.;. The stellar dispersion
equals 142km s~! on average, while V. is often of the same order. We
combine our spectroscopic results with high-resolution infrared imaging
data to study the conditions for ULIRG activity in interacting pairs. We
find that the majority of ULIRGs are triggered by almost equal-mass
major mergers of 1.5:1 average ratio. Less frequently, 3:1 encounters
are also observed in our sample. However, less violent mergers of mass
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2 Pre-coalescence ultraluminous merger phases

ratio >3:1 typically do not force enough gas into the center to generate
ULIRG luminosities.

2.1 Introduction

In hierarchical cold dark matter models of galaxy formation and evolution,
galaxy merging may lead to the formation of elliptical galaxies, trigger major
starbursts, and account for the formation of supermassive black holes and
quasars (e.g. [Efstathiou & Rees |1988}; Kauffmann & Haehnelt |2000; Haehnelt
2004)). Despite the importance and prevalence of galaxy mergers in driving
galaxy evolution, the physical details of the merging process are not yet well-
understood even in the local Universe.

Mergers are responsible for producing some of the most luminous objects
of the local Universe, the ultraluminous infrared galaxies. The bolometric
luminosities of ULIRGs are greater than 10'2L. and emerge mainly in the
far-infrared (FIR). ULIRGs are mergers of gas-rich, disk galaxies and have
large molecular gas concentrations in their central kpc regions (e.g. Downes
& Solomon 1998; [Bryant & Scoville ||[1999)) with gas-mass densities comparable
to stellar densities in ellipticals.

The ULIRG phase occurs in mergers after the first peri-passage (e.g. Sanders
& Mirabel 1996, Veilleux, Kim & Sanders 2002) to post-coalescence. The nu-
clear separation, the presence of tidal tails and the high IR luminosities of
these sources are all indications that ULIRG mergers are in a phase beyond
the first approach of the halos (e.g. Veilleux, Kim & Sanders, 2002). These
observations are consistent with the results from a plethora of numerical mod-
els in the literature (e.g. Mihos 1999; Mihos & Hernquist 1996; Springel et
al. 2005), which indicate that starbursts intense enough to drive a ULIRG
phase occur only after the first encounter and can be present after the nuclear
coalescence, before complete relaxation sets in.

A quantitative observational technique to investigate galaxy merger evo-
lution is to determine the kinematic and structural properties of their hosts
at different merger timescales. With that goal in mind we have conducted a
European Southern Observatory large progranﬂ where we performed high-
resolution near-infrared spectroscopy of a large sample of ULIRGs spanning
a wide range of merger phase and infrared luminosity. This work expands on
the previous spectroscopic studies of Genzel et al. (2001) and Tacconi et al.
(2002).

In this paper we focus on binary ULIRG sources; these systems are between
the first and final encounter phases of a merger, thus they still have (at least)

1171.B-0442 (PI Tacconi)
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2.2 Observations and Data Reduction

two well-separated nuclei. We investigate the mass ratios of the galaxies that,
when merging, produce ULIRG-like luminosities. The results from the rem-
nants, the sources which have coalesced and show a single nucleus in the NIR
images, will be presented in a forthcoming paper, together with the evolution
of the host dynamics and the black hole mass during the merger.

This paper is arranged as follows. After summarizing the observations and
describing the data reduction method in § we extract structural param-
eters of our sources in § The stellar kinematics of the merging hosts, as
derived from our long-slit spectra are presented in §[2.4] Using the kinematics,
we calculate the progenitor mass ratio of the merging galaxies in § To
ensure that the observed mass ratio is not severely affected by the dynamical
heating of the system or projection effects, we perform simulations that pre-
dict the time evolution of the mass ratio in § An overview of our results

is presented in §

2.2 Observations and Data Reduction

We present near-infrared Very Large Telescope spectroscopic data of local
mergers. In the current study, 21 ULIRGs are presented, 20 of which are
binary systems and 1 of which, IRAS 00199-7426, may be a multiple merger
(Duc et al. 1997; also see Appendix A). To these sources, we add 3 binary
ULIRGs that have already been presented in |Genzel et al. | (2001). With the
presentation of the spectroscopy of 23 binary sources in total, we complete
the part of our sample that deals with sources in a merger state prior to the
coalescence of the individual nuclei.

The entire sample consists of 38 sources and it is largely drawn from the
combined 1 Jy catalog (Kim & Sanders 1998), and the southern-ULIRG
(SULIRG) sample of the Duc et al. (1997) study. One source, IRAS 02364-
4751, is from Rigopoulou et al. | (1999). The sample size increases to 54
ULIRGs when the sources studied in (Genzel et al. | (2001) and Tacconi et al.
(2002)) are included. The 1 Jy catalog comprises a complete flux-limited (at
60 pum) sample of 118 ULIRGs compiled from a redshift survey of IRAS Faint
Source Catalog version 2 objects (Moshir et al. 1990). Veilleux et al. (2002)
have completed and analyzed an R- and K-band survey of the entire cata-
log, such that photometric and structural data (absolute magnitudes, surface
brightnesses, half-light radii) are readily available. We have observed those
sources with dec < 25° and with redshifts where the strong rest frame H-
band stellar absorption lines lie in parts of the H- and K-band with high
atmospheric transmission (z<0.11 and z>0.20).

The left-panel histogram of Fig. shows that the sources we selected from
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2 Pre-coalescence ultraluminous merger phases
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Figure 2.1: Histogram of luminosities of samples used in this study. Sources
from the 1 Jy catalog (Kim et al. 2002) are denoted by the hatched bars.
In the left panel, the sources we selected from the 1 Jy catalog are shown as
filled bars and follow well the original sample’s luminosity distribution. In the
right panel, the mean luminosity of the combined samples is reduced due to
the addition of the lower-luminosity [Duc et al. | (1997)) sample.

the 1 Jy catalog follow a similar luminosity distribution as the entire catalog.
Given that the latter is solely compiled according to the 60 pm flux, it does
not favor any particular pre-merger initial conditions. When adding sources
from the Duc et al. | (1997)) catalog, which contains less luminous sources than
the 1 Jy sample (see right panel of Fig. , the average IR luminosity of our
sample is reduced, but remains luminosity-selected. For the sources of the Duc
et al. | (1997) sample, we do not adopt the Lig values of the authors, but we
use the Sanders & Mirabel | (1996)) expression and the Faint Source Catalog
version 2 mid-infrared (MIR) and FIR fluxes to calculate Lig. Two of the
sources in our large program sample are less luminous than 102 L, however
we also treat them as ULIRGs given that the classification often depends on
the accuracy of the mid- and far-infrared flux measurements.

Our data were taken with the VLT ANTU telescope on Cerro Paranal,
Chile. We used the ISAAC spectrometer (Moorwood et al. 1998) in mid-
resolution mode in the H band (A\/dA = 5100), and in the K band (/X =
4400), with a slit width of 0.6”. The on-chip integration was 600 s per frame
with typical total integration times of 1 hr per slit position angle (see Ta-
ble . For most of the binary sources we observed along three slits, with
the first slit going through both nuclei. The other two slits are (usually) per-
pendicular to the first one and go through the brighter and the fainter nucleus
respectively.

20



2.2 Observations and Data Reduction

Table 2.1: Binary ULIRGs source list

Galaxy RA Dec z log(Lir/Lo) slit P.A. tintegration
(IRAS) (2000) (2000) (®) (mins)
00199-7426 ¢ 00:22:07.0 -74:09:42 0.096 12.23 -15,75,74 60,60,60
01166-0844 01:19:07.6  -08:29:10 0.118 12.03 -60,29,29 60,60,60
02364-4751 02:38:13.1 -47:38:11 0.098 12.10 0,90 60,50
06035-7102 06:02:54.0 -71:03:10 0.0795 12.12 65,153,153 60,50,60
10190+1322 10:21:42 13:07:01 0.077 12.00 64,149,149 40,40,40
10565+2448 10:59:18.1 24:32:34  0.0431 12.02 -66,24 40,40
11095-0238 11:12:03 -02:54:18 0.106 12.20 39,129 120,120
12071-0444 12:09:45.1 -05:01:14 0.128 12.35 -1,89 60,60
1211240305 12:13:47 02:48:34 0.073 12.28 37,99 60,60,40
13335-2612 13:36:22 -26:27:31 0.125 12.06 -5 100
1345141232 13:47:33 12:17:23 0.122 12.28 104,13 80,120
16156+0146 16:18:08 01:39:21 0.132 12.04 -50,-51,40,40 60,60,60,60
16300+1558 16:32:20 15:51:49 0.242 12.63 -1,89 150,90
19254-7245 19:31:21.4 -72:39:18 0.0617 12.00 -13,77 60,60
20046-0623 20:07:19.3 -06:14:26 0.0844 11.97 69,159 60,60
21130-4446 21:16:18.5  -44:33:38  0.0926 12.02 33 40
21208-0519 21:23:29 -05:06:59 0.13 12.01 -164,109,109 60,60,60
21329-2346 21:35:45 -23:32:36 0.125 12.09 31 60
22491-1808  22:51:49.2 -17:52:23  0.0778 12.09 -76,13,13 60,60,60
23128-5919 23:15:46.8 -59:03:15 0.045 11.96 -5,84,84 40,40,40
2323440946  23:25:56.2 10:02:50 0.128 12.05 -64,25 60,60

The coordinates, the redshift, the bolometric luminosity, as well as the slit positions
and the respective integration time for our source list are presented in this Table.

@ This source may be a multiple merger (see the Appendix).
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2 Pre-coalescence ultraluminous merger phases

We have selected the central wavelength in a way such that most of the
CO(3-0), CO(4-1), Sil, CO(5-2), and CO(6-3) H-band bandheads (at 1.558,
1.578, 1.589, 1.598, and 1.619 um respectively), as well as the forbidden [Fell]
emission line (at 1.645 pum), appear in our spectra. For the sources with red-
shift z > 0.2 we use (some of) the CO(8-5), CO(9-6), and CO(10-7) absorption
bandheads (at 1.661, 1.684, and 1.706 pm respectively), which are then shifted
to the K band. The CO and Sil absorption features trace the stellar, while
the Fe emission line traces the warm gas kinematics. The observed central
wavelength range varied from 1.68 to 2.08 um, depending on the redshift of
each source (Table . The most nearby of the objects presented in this
study is at redshift z = 0.0431 while the most distant at z = 0.242.

For the data reduction we used standard IRAF routines. We first subtracted
the frames of positive from the frames of negative chop throw (offset from the
telescope pointing position) for the sky background removal, and flat-fielded
the result. Then, we performed a bad-pixel and cosmic-ray removal, and
corrected for detector deformations. For the spatial direction, we combined
several spectroscopic frames of a point-like source (star) at a different chop
throw and nod (random offset, smaller than the chop throw). By fitting all the
stellar traces, we found the low-order polynomial that best corrects for defor-
mations of the spatial axis. For the spectral axis we used a ”sky” frame, which
simply was a randomly selected, dark-subtracted frame of our exposures. We
found the best wavelength correction matrix by identifying the sky-lines in
that frame, and, again, by fitting a polynomial to them. After rectifying the
images in both the spatial and wavelength directions, we spatially shifted the
frames so that their traces overlap and, then, we combined them. The spec-
tral extraction from the final frame was followed by an atmospheric correction
with the aid of a telluric (usually B dwarf or solar type) star. The spectral
extraction procedure was repeated for several apertures along each slit, and
for two different slit position angles, so that the two dimensional image of the
stellar kinematics could be reconstructed. The final spectra were shifted to
restframe.

To extract the velocity dispersion ¢ and rotational velocity Vot we corre-
lated the source spectra with that of an appropriate template star. Due to the
starburst nature of a ULIRG, the stellar population that dominates the near
infrared (NIR) light is either a giant or a supergiant (or a combination of the
two). For this purpose we selected either HD 25472 or HD 99817 (MOIII giant
and MI1I supergiant respectively). We used the Fourier correlation quotient
(FCQ) technique described in Bender | (1990) with a Wiener filter to suppress
the high-frequency noise; for this we used a code written by one of us. The
FCQ technique is based on the deconvolution of the correlation function peaks
of the source and the stellar template to the autocorrelation function peaks
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Figure 2.2: The reduced H-band spectra of the binary ULIRGs. The stellar 23
templates, convolved with a Gaussian that represents their LOS broadening
function, are overplotted in solid line. All the spectra are shifted to rest frame.
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2.3 Structural parameters

of the template. It provides the broadening function along the line-of-sight
(LOS) of the observations. We fit a high-order Gaussian (linear combination
of Gaussian and second order polynomial) to the broadening function in order
to derive the stellar dispersion and the recession velocity, Vie.. For this pur-
pose, we use all of the above-mentioned H-band bandheads that exist in our
spectra, as long as the signal-to-noise allows us to do so, and we average the
results. From the difference in the recession velocity along several apertures
of the slit, we calculate the rotational velocity on the plane defined by the
line-of-sight and the position angle of the slit.

We follow the above procedure to extract the spectra for each source (or
nucleus). The central aperture spectra, combined over the slits and shifted to
the restframe, are displayed in Fig. In each panel, the stellar template
is overplotted with a solid line, after being convolved with the Gaussian that
best fits the respective LOS broadening function.

2.3 Structural parameters

The conversion of our dynamical measurements into masses requires comple-
mentary data that trace the structure of our sources, namely the half-light-
radius Res and the inclination to the line of sight, i.

Given that ULIRGs originate from the merger of gas-rich disk galaxies, we
use the (dynamically perturbed) progenitor disks to estimate the inclination.
The rotational velocity of a disk is connected to its line of sight dependent
value, V1,05 as follows

Viot = VLos/(cos(¢q)sin(i)). (2.1)

The parameter ¢, is the angle between the slit position angle and the major
axis of the inclined disk (which is an ellipsoid when projected in 2 dimensions).

We derive the structural parameters ¢ and ¢, for the stellar disk of each
ULIRG by fitting ellipses to the H-band acquisition images (see Fig.[2.3)). The
fit is performed with the aid of the SExtractor package (Bertin & Arnouts
1996), made available by the Institut d’Astrophysique de Paris. We first
detect the center and the radial extent of each source by setting a threshold
that separates the sky background from any real detection. We then deblend
sources that spatially overlap to obtain the apparent ellipticity €, the angle
¢o (which appear in Table , and the enclosed counts of each ellipsoid.

The apparent ellipticity is related with the inclination ¢ of the heated stellar
disk as

€(2 —€) = (2 — ¢)(sin4)? (2.2)
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2 Pre-coalescence ultraluminous merger phases

(Binney & Tremaine |[1987; Chapter 4.3). The quantity €; is the (true) ellip-
ticity of the heated disk when seen edge-on. We assume that the ratio of the
thickness to the truncation radius is 0.3 for the binary ULIRGs, which is the
average value between field spirals and disky ellipticals (Binney & de Vau-
couleurs ||1981). In this case ¢ equals 0.7. The inclinations calculated with
this method are presented in Table [2.2]and have a mean value of 43°. We note
that when using the flat disk approximation (¢, = 1) the mean inclination of
this sample is 40°. Solving and differentiating Eq. for 4 shows that the
smaller the inclination, the greater the error on its measured value for a given
€. The systems that are close to face-on are, therefore, those with the most
uncertain inclination estimates.

We use the half-light radius as the fiducial aperture in which to calculate
masses and luminosities for the progenitor nuclei. However, the half-light
radii for most of the individual nuclei of our binary ULIRGs are not readily
available in the literature; several binary systems have been treated as a single
object (e.g. [Veilleux et al. |2002; Scoville et al. 2000), often due to low angular
resolution. When available, the effective radii are not usually measured from
NIR data but, from optical bands where the light extinction is significant.
Due to the extremely dusty environment of ULIRGS and to inclination effects,
average extinction corrections are not always reliable for individual sources.
For these reasons, we measure new half-light radii from our H-band acquisition
images by fitting ellipsoids to the individual nuclei and finding the radius at
which the ellipsoid contains half of the total counts. We tabulate the measured
H-band R.g in Table after converting angular distances into linear sizes.
All distances in this paper are for a Hy=70 km s~ Mpc™!, 2,,=0.3, Qota=1
cosmology.

Our results are consistent with those of NIR imaging available in the liter-
ature, despite the fact that the acquisition images have short exposure times
(~10 s) and could be tracing only the most luminous parts of the sources,
leading to underestimates of the true half-light radius. To check this possible
bias, we compare the effective radii for the sources we have in common with
Scoville et al. | (2000). We find that the effective radii for IRAS 1211240305
(sw), IRAS 13451+1232 (w), and IRAS 22491-1808 (e) are 0.81, 4.14, and
1.99 kpc while the half-light radii for flux within 3 kpc given by [Scoville et
al. | (2000) (at 1.6 um) were 0.79, 1.07, and 1.66 kpc respectively. The re-
sults for two of the cases are very similar and the disagreement in the case of
IRAS 13451+41232(w) is due to aperture effects. IRAS 1345141232 is one of
the most extended sources of the Scoville et al. | (2000) sample with a radial
extent > 7 kpc. Furthermore, Veilleux et al. (2006) have recently acquired
Hubble Space Relescope (HST) NICMOS H-band imaging for several ULIRGs

of the 1 Jy catalog and have performed a two-dimensional decomposition of
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2.3 Structural parameters

the AGN point spread function (PSF) and the host. The effective radii mea-
sured from our acquisition images are in good agreement with those of the
PSF-subtracted hosts of Veilleux et al. (2006, in preparation).

The structure of a merger, and in particular the nuclear separation, can
be used to trace the timescales of each merging system (e.g. Barnes 2001).
The majority of the pre-merged ULIRGs have intrinsic nuclear separation
smaller than 10 kpc (see Table , a fact that classifies them as pre-merger
close binaries according to the Surace et al. | (1998)) scheme. Only five of
our galaxies, IRAS 01166-0844, TRAS 06035-7102, IRAS 1056542448, IRAS
19254-7245, and TRAS 21208-0519 are considered wide binaries in the same
classification scheme. The mean projected nuclear separation of our sample
is 7.3 kpc (and the median 5.4 kpc).
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[T AST ARl

Figure 2.3: The (raw) H-band acquisition images. The horizontal line in
the upper left corner of each panel corresponds to 5 kpc at the reshift of the
source.
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Fig. continued.
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Table 2.2: The structural parameters of the ULIRGs of this sample.

Galaxy Rer ellipticity inclination ¢, nuclear separation
IRAS (kpe) ) ©) ©) (kpc)
00199-7426 0.88 (£0.04) 0.115 29 18 .
01166-0844(s) 1.72 (+1.23) 0.177 37 -10 12.2 (4+0.3)
01166-0844(n) 1.55 (£0.98) 0.178 37 61 .
02364-4751(s) 1.45 (£0.21) 0.250 44 52 1.6 (£0.3)
02364-4751(n) 1.18 (4+0.14) 0.217 41 -78 .
06035-7102(sw)  1.79 (£0.51) 0.331 51 39 10.4 (£0.2)
06035-7102(ne)  1.41 (£0.13) 0.398 57 34 .
10190+1322(ne)  1.43 (40.06) 0.298 48 6 6.5 (£0.2)
10190+1322(sw)  2.40 (£0.14) 0.223 41 37 .
10565+2448(s)  0.79 (£0.01) 0.042 17 -84 23.3 (£0.1)
10565+4-2448(n)  0.73 (£0.10) 0.125 30 72 e
11095-0238(ne)  2.07 (£0.90) 0.151 34 27 3.8 (£0.3)
11095-0238(sw)  3.04 (£1.20) 0.398 57 -22 .
12071-0444(s) 2.32 (£1.05) 0.095 26 -68 2.8 (+0.4)
12071-0444(n) 2.09 (£0.70) 0.083 25 71 .
1211240305(sw)  0.81 (+0.01) 0.048 19 53 4.5 (£0.2)
121124-0305(ne)  1.67 (40.29) 0.413 58 12 e
13335-2612(s) 2.88 (£0.17) 0.598 74 -34 3.9 (£0.4)
13335-2612(n) 2.25 (£0.08) 0.098 27 -55 .
1345141232(w)  2.59 (£0.58) 0.094 26 -1 5.3 (£0.3)
1345141232(e)  4.14 (£2.16) 0.168 36 -3 .
161564+0146(n)  0.90 (+0.10) 0.128 31 89 8.8 (£1.2)
1615640146(s) 2.01 (£0.12) 0.626 76 1 .
16300+41558(s) 2.76 (£1.37) 0.227 42 -67 5.6 (£0.8)
16300+1558(n)  4.83 (+2.06) 0.351 53 -14 .
19254-7245(s) 0.97 (£0.78) 0.288 47 -21 10.2 (40.2)
19254-7245(n) 0.70 (£0.35) 0.091 26 12 e
20046-0623(w) 2.67 (£0.19) 0.673 82 6 <4.4
20046-0623(e) e e e . e
21130-4446(ne)  1.71 (£0.13) 0.398 57 8 5.4 +£0.3)
21130-4446(sw)  2.69 (+0.61) 0.584 72 32 .
21208-0519(s) 3.66 (£1.06) 0.139 32 21 17.9 (£0.4)
21208-0519(n) 2.34 (£0.67) 0.257 45 -33 e
21329-2346(n) 1.70 (+0.12) 0.312 50 -46 3.1 (+0.4)
21329-2346(s) 1.42 (£0.08) 0.128 31 -88 .
22491-1808(e) 1.99 (£0.04) 0.370 54 -62 3.3 (£0.2)
22491-1808(w) 1.77 (+0.10) 0.088 25 44 .
23128-5919(n) 4.20 (£0.08) 0.244 43 -11 4.3 (£0.1)
23128-5919(s) 4.16 (£0.03) 0.296 48 -7 e
23234+0946(n)  2.12 (£0.32) 0.154 34 -32 9.4 (+£0.4)
23234+0946(s) 3.28 (£1.42) 0.116 29 -58

The ULIRG structural parameters are derived from the acquisition images. For each
system, the nuclear separation is given once and the nucleus with the most massive
bulge appears first.
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2.4 ULIRG stellar velocities and black hole masses

The stellar dispersions extracted (according to the prescriptions of § by
the Fourier quotient technique from the central-aperture spectrum of each
source are listed in Table In the fainter sources, o may be somewhat
overestimated (at most by 20%) due to low signal-to-noise ratio, which can
mimic broader dispersions. The stellar velocity dispersion may vary when
measured from different bandheads (typically by 15%). This is both due
to a possible template mismatch and to the sky-line contamination of our
spectra. The velocity error bars are equal to the standard deviation of the
measurements performed at the individual bandheads.

The mean observed dispersion of our binary ULIRG sample, combined with
the sources in (Genzel et al. | (2001)), is 142 km s~! (with a standard deviation
of 21 km s™! ). Sources of intrinsic nuclear separation close to or less than
1 kpc (Arp 220 and NGC 6240, see Genzel et al. 2001, Tecza et al. 2000
) were removed from the above statistics. By the time the nuclei of two
merging galaxies are separated by < 1 kpc, the stellar velocities have almost
reached their final relaxation values (Genzel et al. 2001, Mihos 2000, Bendo &
Barnes 2000). As a consequence, these systems have dispersions very close to
their (common) equilibrium value and resemble more the coalesced ULIRGs,
despite the fact that their nuclei can still be resolved.

We measure the rotational velocity along each slit and we correct it for the
angular deviation ¢, from the major axis of rotation as discussed in §
After averaging the results over the slits, we obtain the observed rotational
velocity, Viot(0bs), which we display in Table together with its error bar
(calculated similarly to that of o). In the same Table we also present the final,
inclination corrected rotational velocity V.

The ratio of the observed rotational velocity to the dispersion, Vi (obs)/o,
is given in Table for each source. The mean Vi (obs)/o ratio for the sam-
ple presented in this study is 0.42, while when using the inclination corrected
velocity, the ratio Viet/o increases to 0.77. Both values are low compared to
those of spiral galaxies. We now investigate whether this result is due to the
violent relaxation process or due to systematics, such as beam-smearing ef-
fects. To check for beam smearing we calculate the Vo /0 ratio for the sources
for which we have been able to derive rotation curves (due to their large ra-
dial extent). These are the sources with z<0.07 as well as IRAS 20046-0623.
We find that the Vo /0 ratio for these sources is similar to that of our entire
sample: 0.58 and 1.16 when using the inclined-disk and inclination-corrected
velocities, respectively. We conclude that the low rotational velocitites ob-
served in the binary ULIRGs is due to the actual dynamical heating of the
merging systems. Similar conclusions are drawn from the work of [Mihos
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(2000), who presents simulations of the velocity moments during the merger
process. The Vi (obs)/o ratio implied from Mihos | (2000) for our median
nuclear separation (5 kpc) and for the radius containing 50% of the stellar
mass (or the Reg for constant M/L within the galaxy) is also ~0.4.

Using the stellar dispersions listed in Table we estimate a BH mass,
Mpp, with the aid of the Mpy — o relation (e.g. Gebhardt et al. 2001; Fer-
rarese & Merritt 2001). The published estimates for the slope of the Mpy — o
relation span a significant range (see [Tremaine et al. |[2002; |(Gebhardt et al.
2001; Merritt & Ferrarese |2001). We use the [Tremaine et al. | (2002) expres-
sion Mgy = 1.35 x 108(0/200)*%2M, which lies between those of (Gebhardt
et al. | (2001) and [Merritt & Ferrarese | (2001)). We present the BH mass cal-
culated for each source in Table The mean black hole mass of the binary
ULIRG sample is an order of magnitude greater than that of the Milky Way
and equals 3.9 x 107 My, (for each nucleus). Converting the stellar dispersions
into black hole masses carries the uncertainty of applying the Mpy — o rela-
tion to systems that are not in dynamical equilibrium. The errors introduced
by this conversion and the conditions under which the Mgy — o relation may
provide an accurate estimate of Mpp during a merger will be presented in a
forthcoming paper (Dasyra et al. 2006, in preparation).

In Table we present the (minimum) black hole mass that each source
would have, if it were accreting at the Eddington rate (Lgddington/Lo =
3.8 x 10*Mpy(Eddington)/Mg). We assign to the Eddington luminosity
LEddington half of that emitted in the IR (Genzel et al. 1998; Sanders &
Mirabel 1996). This is a statistically plausible assumption based on the fact
that some ULIRGs are largely AGN- while others are starburst- powered (see
Genzel et al. |[1998; Duc e