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ABSTRACT

The hierarchical nature of the ACDM cosmology poses serious difficulties for the formation of disk galaxies. To help
resolve these issues, we describe a new, merger-driven scenario for the cosmological formation of disk galaxies at high
redshifts that supplements the standard dissipational collapse model. In this picture, large gaseous disks may be
produced from high angular momentum mergers of systems that are gas dominated, i.e., Mgas/(Mgas + M,) Z 0.5 at
the height of the merger. Pressurization from the multiphase ISM prevents the complete conversion of gas into stars
during the merger, and if enough gas remains to form a disk, the remnant eventually resembles a disk galaxy. We
perform numerical simulations of galaxy mergers to study how supernovae feedback strength, black hole feedback,
progenitor gas fraction, merger mass ratio, and orbital geometry impact the formation of remnant disks. We find that
disks can build angular momentum through mergers and the degree of rotational support of the baryons in the
remnant is primarily related to feedback processes associated with star formation. Disk-dominated remnants are
restricted to form in mergers that are gas dominated at the time offinal coalescence. We also show that the formation
of rotationally supported stellar systems in mergers is not restricted to idealized orbits, and both gas-rich major and
minor mergers can produce disk-dominated stellar remnants. We suggest that the hierarchical nature of the ACDM
cosmology and the physics of the ISM may act together to form spiral galaxies by building the angular momentum
of disks through gas-dominated mergers at high redshifts.

Subject headings: galaxies: evolution — galaxies: formation

1. INTRODUCTION

The conventional theory for the origin of disk galaxies in cold
dark matter (CDM) cosmologies involves the dissipational col-
lapse of gas inside relaxed dark matter halos formed through
hierarchical clustering (White & Rees 1978; Blumenthal et al.
1984). This theory endows forming disk galaxies with kine-
matic properties inherited from the halos that host them (Fall &
Efstathiou 1980). Early simulations of cosmological structure for-
mation (Barnes & Efstathiou 1987) verified that during linear
growth, the angular momentum of halos grows according to
perturbation theory (Peebles 1969), and by incorporating these
results subsequent work explained the flat rotation curves and
sizes of disk galaxies through the combination of gas dissipation,
halo spin, and the adiabatic response of dark matter to baryonic
infall (Blumenthal et al. 1986; Mo et al. 1998). The initial success
of the dissipational collapse model led to its establishment as
the favored theory for the formation of disk galaxies. However,
numerical modeling revealed that the theory was incomplete.

While smooth, dissipational collapse may be relevant to disk
galaxy formation in quiet environments, simulations and semi-
analytic modeling have demonstrated that it is rare for halos to
acquire most of their angular momentum via the quiescent ac-
cretion of tidally torqued material (Vitvitska et al. 2002; Maller
& Dekel 2002; D’Onghia & Burkert 2004). Simulation and ob-
servational work has shown that the specific angular momen-
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tum content of dark matter halos differs from exponential disks
(Bullock et al. 2001; van den Bosch et al. 2001, 2002) as halos
contain comparatively more low angular momentum material
that might produce bulges or overly centrally concentrated disks
(van den Bosch 1998, 2001). Furthermore, simulations of mass
accretion onto galaxies indicate that the hierarchical nature of
the ACDM cosmology leads to the destruction of disks when
dissipative effects are neglected (Toth & Ostriker 1992; Quinn
etal. 1993; Walker et al. 1996; Velazquez & White 1999). Models
of galaxy collisions including dissipation (Hernquist 1989; Barnes
& Hernquist 1991, 1996) show that gas can loose angular mo-
mentum owing to gravitational torques during these events. In cases
in which the interstellar medium (ISM) is isothermal and rel-
atively cold and the gas fraction of the galaxies is small (~10%
of the baryons), the subsequent inflow of gas into the centers of
the merger remnants forms a roughly spherical stellar distribution
through a luminous starburst (Mihos & Hernquist 1994c, 1996),
leaving objects that have essentially no extended stellar disks.
Cosmological simulations of disk formation with similar physics
produce galaxies that are too centrally concentrated, form too many
stars, contain overly dominant bulges, and lack angular momentum
compared with nearby spirals (Katz & Gunn 1991; Katz et al.
1992; Navarro & White 1994; Steinmetz & Muller 1995; Navarro
& Steinmetz 2000).

Efforts to resolve these discrepancies in a cosmological con-
text have mainly relied on increasing the impact of feedback from
star formation (Weil et al. 1998; Sommer-Larsen et al. 1999, 2003;
Thacker & Couchman 2000, 2001; Abadi et al. 2003a; Governato
et al. 2004; Robertson et al. 2004; Okamoto et al. 2005). Cos-
mological simulations that utilize strong feedback from star
formation in the form of a pressurized ISM to produce disk gal-
axies either produce too few exponential disks compared with
observations (Robertson et al. 2004) or yield galaxies that still
contain a significant bulge component (Abadi et al. 2003a).
While these recent simulations have had some success, taken
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together the results suggest that the theory of structure formation
remains faced with an apparent incompatibility between models
of disk formation and the hierarchical growth of structure.

To help resolve this incompatibility, we propose a new, merger-
driven theory for the formation of disk galaxies at high redshifts
that supplements standard dissipational collapse. In our scenario,
gas-dominated mergers, in which the interacting systems have a
gas fraction feas = Mgas/(Mgas + M,) 2 0.5 at the height of the
merger, allow for the formation of rotationally supported disks in
remnants if energetic feedback mechanisms limit the conversion
of gas into stars. Gas pressurization from a multiphase ISM by
feedback from star formation (McKee & Ostriker 1977; Springel
& Hernquist 2003) stabilizes gas disks and allows mergers be-
tween gas-dominated galaxies to produce large, smoothly dis-
tributed, rapidly rotating stellar disks. Our proposed scenario
builds on the results of previous simulations of remnant disk for-
mation in mergers by Barnes (2002) and Springel & Hernquist
(2005).

The merger-driven scenario for disk formation transitions nat-
urally into the merger-driven scenario for elliptical galaxy for-
mation (e.g., Toomre 1977) as star formation in galaxies over
time reduces the gas content of progenitors and prevents the fur-
ther occurrence of mergers involving gas-dominated systems.
Mergers between gas-rich disk galaxies at intermediate redshifts
(z = 1-3) are still expected to produce realistic elliptical galaxies
nearly universally (see, e.g., Robertson et al. 2006), as prior
quiescent star formation and interactions will decrease their gas
content below the necessary fgs 2 0.5 needed to produce a disk-
dominated remnant.

Below we describe the simulation methodology used to dem-
onstrate the merger-driven formation of disk galaxies (§ 2), in-
cluding our methods for studying the effects of feedback (§ 2.1),
orbital geometry (§ 2.2), gas fraction (§ 2.3), merger mass ratio
(§ 2.4), and progenitor mass (§ 2.5) on remnant properties. Our
method for analyzing the structural and kinematic properties of
the remnants is detailed in § 2.6 and the results of the numerical
experiments are presented in § 3. We discuss and summarize our
results in §§ 4 and 5.

2. METHODOLOGY

To demonstrate the feasibility of our scenario for merger-driven
disk formation, we have performed a suite of merger simulations
of isolated, gas-rich disk galaxies, with and without feedback
from accretion onto supermassive black holes (BHs). The simu-
lations use smoothed particle hydrodynamics (SPH; Lucy 1977;
Gingold & Monaghan 1977) to evolve the gas and incorporate a
multiphase ISM model ( Yepes et al. 1997; Hultman & Pharasyn
1999; Springel & Hernquist 2003; Springel et al. 2005b) in which
we control the pressurization ggog of star-forming gas by inter-
polating between isothermal gas (ggos = 0) with a temperature
Ter = 10* K and a stiffer multiphase medium (ggos = 1) with a
higher effective temperature 7. = 103 K by varying the equation
of state (EOS; for details see Springel et al. 2005b). Star formation
in the dense ISM (X > 10 M, pc~2) occurs on a timescale chosen
to match observations (Kennicutt 1998). BH growth is modeled
(Springel et al. 2005b) by spherical accretion onto BH ““sink”
particles, with a fraction ¢, of the released gravitational potential
energy of the accreted gas being deposited as thermal feedback
into the gas surrounding the BH. For the simulations and accretion
model considered here, ¢/ = Nperme, = 0.005, where €, ~ 0.1 is
the fraction of rest-mass energy radiated during the growth of the
BH (fixed by standard accretion theory) and the thermal coupling
efficiency 7nerm = 0.05 is chosen to reproduce the local Mpy-o
relation (Di Matteo et al. 2005).

We consider two merger progenitors, a Vi = 160 km s~
system (Springel & Hernquist 2005) with a rotation curve and
virial mass M.;; = 9.5 x 10" A~ M, similar to the Milky Way
and a smaller, V,;; = 80 km s~! system with virial mass M;, =
1.2 x 10" A~! M. The galaxies are comprised of exponential gas
and stellar disks embedded in dark matter halos with a Hernquist
(1990) profile having scale lengths corresponding to a Navarro-
Frenk-White (NFW; Navarro et al. 1997) concentration of
enrw = 9. The progenitors each contain Ng,s = 40,000 gas,
Ntars = 40,000 stellar, and Ny, = 180, 000 dark matter halo par-
ticles, and may also include a BH seed of 103 4~ M, that is
allowed to accrete in the manner described above. Once the BH
particles fall within our force resolution limit, the sink particles
combine into a single supermassive BH.

To characterize the conditions under which our proposed sce-
nario for merger-driven disk formation is most successful, we
simulate a variety of merger scenarios varying the ISM pressur-
ization (gros), gas fraction (fgas), merger mass ratio, disk ori-
entations, and orbits. The complete suite of simulations is described
below, and a summary is provided in Table 1. For convenience
we refer to each model with a two-letter designation, with the first
letter signifying the gas fraction fg,s and the second letter noting
the ISM pressurization ggos. When necessary, we add suffixes
to describe, e.g., orbital or merger mass ratio variations. The
simulation designations are detailed in the following sections.

2.1. Feedback Study

To study the impact of energetic feedback mechanisms on the
formation of disks in gas-rich mergers, we perform 12 simulations
of major mergers between Vi = 160 km s~! galaxies with
disks consisting almost entirely of gas ( fgas = 0.99; referred to
as G runs). The ISM pressurization is incrementally increased
over the values ggos = 0.1, 0.25, 0.5, 0.75, and 1.0, stiffening
the equation of state of the ISM and increasing the sound speed
of the gas at a given density and temperature. The simulations
are referred to as models GA-GE in Table 1. We perform each
simulation twice, once with and once without the inclusion of
growing supermassive BHs in the progenitor systems. The mod-
els without BHs are listed with the suffix “n”” in Table 1, and the
model GCn ( fgas = 0.99, geos = 0.5) corresponds to the simu-
lation performed by Springel & Hernquist (2005).

The galaxies merge on coplanar, prograde orbits with an initial
separation riyj; = 70 Kl kpc and pericentric distance rperi =
6 h~! kpc. The orbit for the feedback study runs was chosen to
reproduce the encounter simulated by Springel & Hernquist (2005).
By using the same orbit for these simulations, we explore the
importance of feedback for the formation of disks in mergers
separate from the role of angular momentum. We explore the role
of angular momentum in producing remnant disks in mergers
through additional simulations described in § 2.2.

2.2. Orbital Study

The original orbital and disk angular momentum of the pro-
genitors will affect the ability of disks to form from mergers as
angular momentum present in residual gas left over from the merger
can lead to rapidly rotating structures in the remnant. The for-
mation of remnant stellar disks have been demonstrated in in-
teractions with prograde, coplanar orbits (Springel & Hernquist
2005), and in simulations without star formation gaseous remnant
disks have been shown to form in mergers with both polar and
inclined orbits (Barnes 2002).

To judge the importance of orbital and disk angular momen-
tum on a merger-driven scenario for disk galaxy formation, we
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TABLE 1
MERGER MODELS

Vvir,A VVir,B 7 peri Finit 61 ¢l 62 ¢2
Model (km s~") (km s~") Jeas qEos (h™" kpc) (h™" kpc) (deg) (deg) (deg) (deg) BH
160 160 0.99 0.1 6.0 70.0 0 0 0 0 Y
160 160 0.99 0.25 6.0 70.0 0 0 0 0 Y
160 160 0.99 0.5 6.0 70.0 0 0 0 0 Y
160 160 0.99 0.75 6.0 70.0 0 0 0 0 Y
160 160 0.99 1.0 6.0 70.0 0 0 0 0 Y
No BHs
160 160 0.99 0.1 6.0 70.0 0 0 0 0 N
160 160 0.99 0.25 6.0 70.0 0 0 0 0 N
160 160 0.99 0.5 6.0 70.0 0 0 0 0 N
160 160 0.99 0.75 6.0 70.0 0 0 0 0 N
160 160 0.99 1.0 6.0 70.0 0 0 0 0 N
Tperi Variations
160 160 0.99 0.5 2.7 70.0 0 0 0 0 Y
160 160 0.99 0.5 16.0 70.0 0 0 0 0 Y
160 160 0.99 0.5 32.0 70.0 0 0 0 0 Y
160 160 0.99 0.5 48.0 140.0 0 0 0 0 Y
Orbital Variations
GCOC ..o 160 160 0.99 0.5 6.0 70.0 180 0 180 0 Y
GCOE....ccootmeiiinnne 160 160 0.99 0.5 6.0 70.0 30 60 -30 45 Y
GCOF ..o, 160 160 0.99 0.5 6.0 70.0 60 60 150 0 Y
GCO0O ..o 160 160 0.99 0.5 6.0 70.0 109 30 71 -30 Y
[€1070) 160 160 0.99 0.5 6.0 70.0 -109 90 180 0 Y
Jeas Variations
DC.ooiiiiiineiiccrenee 160 160 0.4 0.5 6.0 70.0 0 0 0 0 Y
EC oo 160 160 0.6 0.5 6.0 70.0 0 0 0 0 Y
FCootiiiiineicenee 160 160 0.8 0.5 6.0 70.0 0 0 0 0 Y
Minor Mergers
DCM ..o 160 80 0.4 0.5 6.0 70.0 0 0 0 0 Y
ECM oo 160 80 0.6 0.5 6.0 70.0 0 0 0 0 Y
FCM.coeiiiiieeee 160 80 0.8 0.5 6.0 70.0 0 0 0 0 Y
Vyir = 80 km s~! Progenitors
80 80 0.4 0.5 6.0 70.0 0 0 0 0 Y
80 80 0.6 0.5 6.0 70.0 0 0 0 0 Y
80 80 0.8 0.5 6.0 70.0 0 0 0 0 Y

perform a study of nine additional simulations. In four models
we vary the pericentric passage distance rper of the merger to
alter the orbital angular momentum of the interaction. Typi-
cally, increasing rperi Will increase the angular momentum of
the orbit and lead to larger, more rotationally supported disks.
However, mergers with larger 7,er; undergo inefficient dynami-
cal friction, avoid strong angular momentum loss during the first
passage, and therefore take longer to merge. Quiescent star for-
mation will reduce the effective gas fraction of the progenitors
before the disks merge in these cases and may lead to larger stel-
lar spheroids. These two competing effects will be present in cos-
mological environs to some degree, and for this reason we do not
attempt to adjust for the decrease in gas fraction in wide-orbit
mergers. In addition to a coplanar orbit with 7,e = 6 h~! kpe,
which is approximately twice the progenitor disk scale length R,
we simulate one model with a smaller pericentric passage distance
("peri = Rq; model GCrA in Table 1) and three with larger peri-

centric passage distances (¥peri = 0.1Ryir, 0.2Ryir, and 0.4Ry;;
models GCrB—GCrD in Table 1).

In the remaining five models of the orbital study, we vary the
orientation of the progenitor disks. While varying the pericentric
passage distance increases the orbital angular momentum, much
of this angular momentum must be lost to the dark matter halo
through dynamical friction before the disks can merge. The original
disk angular momenta of the progenitors may then substantially add
to the angular momentum of the remnant disk. In addition to the
coplanar orbit considered by Springel & Hernquist (2005), we se-
lect five additional disk orientations from the Barnes (1992) study
of equal-mass mergers of stellar disk galaxies. These orientations
range from retrograde-retrograde coplanar (¢, = 180, ¢; = 0,
0, = 180, ¢, = 0; model GCoC) to prograde-retrograde polar
(6, = 60,0, = 60,0, = 150, p, = 0; model GCoF), with a com-
plete list provided in Table 1. The results of these simulations
are presented in § 3.2
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Fic. 1.—Merger of two gas-rich disk galaxies, with (model GE, bottom) and without (model GEn, fop) supermassive black hole accretion and feedback. Shown is the
gas surface density of the galaxies in each 140kpc x 140 kpc square panel, demonstrating that the high angular momentum merger results in a remnant disk. The effects
of black hole feedback can be seen over the 2 Gyr timescale of the merger as a diffuse, hot halo, and the lowered central gas density in the remnant (bottom).

2.3. Gas Fraction Study

The production of remnant disks in mergers will depend on
the gas fraction fg, of the progenitor disk systems. Stellar disks
present before the merger will be substantially heated during the
merger and form stellar spheroids. Only galaxies with significant
gas fractions before the merger will be able to reform gaseous
disks after the galaxies collide. To characterize the progenitor gas
fraction necessary to form a substantial remnant disk, we per-
form three simulations with growing BHs, ISM pressurization
geos = 0.5 and gas fractions fg,s = 0.4, 0.6, and 0.8 (models
DC, EC, and FC in Table 1). The results of these simulations are
presented in § 3.3.

2.4. Minor Merger Study

In CDM cosmologies, the frequency of galaxy mergers typi-
cally increases with the mass ratio of the merging pair (see, e.g.,
Lacey & Cole 1993). As mentioned above, previous theoretical
studies have suggested that dissipationless interactions between
satellites and disk galaxies can destroy disks even if the satellite
mass is relatively small (roughly a few percent of the disk mass;
e.g., Quinn et al. 1993). Minor mergers with progenitor mass
ratios of 3 : 1 have been shown to produce small gaseous disks
in simulations without star formation (Barnes 2002). In simu-
lations including gas dissipation and star formation, minor
mergers have been shown to induce starbursts (e.g., Mihos &
Hernquist 1994b). Cosmological simulations suggest that some
minor mergers may also add mass to the thick component of
disk galaxy systems (Abadi et al. 2003b). Minor mergers may
then greatly influence the formation and survival of disk gal-
axies even though the mass accretion rate from minor mergers
is typically smaller than that from major mergers. To address
the relevance of minor mergers for remnant disks, we rerun the
gas fraction study simulations from § 2.3 substituting a Vi, =
80 km s~! galaxy for the second progenitor. These mergers with
mass ratios of my/m; ~ 8 : 1 will help characterize the influence
of minor mergers on remnant disk properties and provide ex-
amples of models that approximate cosmologically frequent
merger events. The results of these simulations are presented in
§3.4.

2.5. Small Progenitor Study

The scale-dependent physics of gas dissipation and star for-
mation may influence the ability of remnant disks to form in
mergers. Gas cooling is typically more efficient in smaller mass
halos as the virial temperature of those systems approach the
regime where hydrogen and helium recombination and collisional
ionization enables large cooling rates (see, e.g., Black 1981). Gas
densities in the disks of low-mass systems are typically lower
than in more massive systems, leading to longer gas consumption
timescales. Quiescent star formation in low-mass systems during
the phases of the merger when the separation between disks is
large and gravitational torques are weak will be lower than for
high-mass systems, which may correspond to a larger gas fraction
in the progenitor disks when the systems actually merge (Robertson
et al. 20006).

To gauge the net impact of these effects on the formation of
remnant disks in mergers of different mass scales, we perform
three additional simulations of equal-mass mergers between
Viie = 80 km s! galaxies with gas fractions of fg.s = 0.4, 0.6,
and 0.8 for the progenitor systems (models DCs—FCs in Table 1).
The results of these simulations are presented in § 3.5.

2.6. Analysis

Each simulation is evolved over the timescale needed for the
progenitor systems to merge, corresponding to 77 = 3.0—10.3 Gyr
depending on the orbit. To illustrate the structure of the merging
system during the collision, Figure 1 shows the time evolution
of the gas in mergers with a strongly pressurized (ggos = 1.0)
ISM with (model GE; bottom) and without (model GEn; top)
feedback from accretion onto supermassive BHs. Each panel
shows a 140 kpc x 140 kpc square area around the center of mass
of the interacting system. At early times in the merger (7 =
0.35 Gyr; leftmost panels), tidal interactions between the gal-
axies distort them, but as significant accretion onto the BHs has
yet to occur, the overall gas distribution remains similar between
the simulations. As the gas in the simulation with BHs (bottom)
begins to experience thermal feedback from BH accretion, a hot
halo of diffuse, low-angular momentum gas expelled through
a wind surrounds the interacting galaxies. By the end of the
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Fic. 2.—Example analysis performed for each merger simulation, shown for an equal mass merger between V,;; = 160 km s~! galaxies with gas-rich disks
(fgas = 0.99), strongly pressurized ISM (gros = 1.0), and growing supermassive black holes (model GE from Table 1). The peak of the SFR measured during the
simulation is used to identify the height of the merger (fop leff). An exponential rise and decay is fitted to the SFR peak (dotted line) and used to categorize the stellar
content of each remnant based on its formation time. Stars forming before three e-folding times prior to the maximum of the SFR rate are labeled as “old” stars (left
dashed line), while stars forming three e-folding times after the SFR peak are labeled as ““new” stars (right dashed line). Typically, the new stars forming from remnant
disks have large rotational velocities (bottom left) and are rotationally supported with the ratio of rotationally velocity to velocity dispersion Vyo/o > 1 (bottom right).
The surface mass density X(r) (fop right) is modeled as a multicomponent system consisting of an exponential bulge, think disk, thick disk, and extended spheroid. The
model shown here has a surface mass density best modeled by a bulge—thin disk—thick disk system.

simulations at 7 = 2.0 Gyr (rightmost panels), rotating gas
disks remain, eventually forming stellar disks. The remnant con-
taining a BH has cleared out some gas from the inner regions of
the disk, reducing the central stellar density and producing a dif-
fuse hot gas envelope.

After the merger has completed, the structural and kinematic
properties of the remnant are measured from the simulation data.
The structural components of the merger remnants, which might
include a bulge, a thin or thick disk, or an extended spheroid, are
comprised of stars that form at characteristically different times
during the interaction. The dynamically hot components of the
remnant typically form before the final coalescence of the merger,
while the stars in the colder components of the remnant mostly
form after the height of the merger when the role of tidal forces has
decreased. The star formation rate (SFR) of the merging system
(see Fig. 2, top left) can be used define selection criteria for stars
likely to populate separate dynamical components of the remnants
based on their formation age. The peak in the SFR that occurs

during the height of the merger can be approximated by an ex-
ponential rise and decay. In what follows, we identify “old” stars
in the remnants as stellar particles forming earlier than before three
e-folding times before the center of the SFR peak and “new” stars
as those forming later than three e-folding times after the peak.
The old and new stars in the remnant are then used to measure
the separate kinematics of the dynamically hot and cold stellar
structures of the remnant. Typically, the old stars in the remnant
have relatively low rotational velocities (Fig. 2, bottom leff) and
are not rotationally supported with the ratio of rotational ve-
locity to velocity dispersion Vio/o < 1 (Fig. 2, bottom right).
New stars formed in the remnant after the height of the merger
typically have high rotational velocities and are rotationally
supported. Stars formed during the burst can have kinematic
properties intermediate between the old and new stars, and
therefore are not analyzed as a separate stellar component.
The mass of the new stellar component forming in the rem-
nant disk can be comparable or large than the old, dynamically
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TABLE 2
MERGER REMNANTS

Model % ap Y4 Ry I ag Yamick Rk M, My M, M thick B:D:S

) (O 4.9E8 2.73 2.3E10 0.0:1.0:0.0
6.9E10 0.24 2.1E8 3.50 8.3E7 4.10 2.6E10 1.6E10 3.1E10 1.6:1.0:1.9
3.9E10 0.41 2.1E8 4.48 . . 4.2E10 2.6E10 ... 1.5:1.0:0.0
2.0E11 0.17 1.6E9 1.55 o 3.3E7 5.19 3.8E10 2.5E10 A 5.7E9 1.2:1.0:0.0
7.3E10 0.18 1.9E9 1.42 8.0E7 2.89 . . 1.6E10 2.4E10 1.5E10 ... 1.0:1.6:1.0
1.3E11 0.18 5.9E9 0.65 5.2E8 2.26 2.7E10 1.6E10 1.6E10 1.0:1.2:0.0

No BHs
4.3E10 0.28 . . 1.6E8 3.88 2.1E10 . 5.6E10 1.0:0.0:2.5
5.0E10 0.28 8.2E7 445 3.7E8 1.97 2.6E10 1.0E10 3.3E10 2.5:1.0:3.2
1.8E11 0.18 1.3E9 1.61 1.8E7 4.15 . 4.1E10 2.1E10 7.3E9 ... 5.6:2.8:1.0
1.9E11 0.18 1.2E9 1.48 1.4E8 3.21 4.1E10 1.6E10 9.6E9 1.5:1.0:0.0
2.7E11 0.12 1.3E10 0.45 8.5E8 2.02 2.8E10 1.7E10 2.1E10 1.0:1.4:0.0
Orbital Study

GCoC ..o 7.0E10 0.25 1.5E9 1.78 . 3.0E7 5.39 2.7E10 3.0E10 . 5.5E9 1.0:1.3:0.0

GCOE......ccueene 5.7E10 0.27 6.0E8 2.14 1.6E8 2.30 2.6E10 1.7E10 2.0E10 1.5:1.0:1.1

GCOF ..o 4.7E10 0.25 1.7E9 1.96 . e 1.9E10 4.2E10 e .. 1.0:2.1:0.0
7.2E10 0.22 1.5E9 1.94 o 9.3E6 5.59 2.3E10 3.7E10 . 1.8E9 1.0:1.6:0.0
6.2E10 0.24 1.6E9 1.43 9.0E7 2.90 2.3E10 2.1E10 1.7E10 1.3:1.2:1.0
5.7E10 0.32 2.0E9 1.28 2.8E7 4.29 3.7E10 2.1E10 1.1E10 3.1:1.8:1.0
2.4E10 0.35 8.6E8 2.04 . .. 6.1E7 6.02 1.9E10 2.2E10 e 1.3E10 1.0:1.8:0.0
4.0E9 0.54 1.5E8 332 1.0E8 4.31 7.5E9 1.0E10 4.4E10 1.0:1.4:5.9

0.67 4.6E7 5.57 2.0E8 3.42 9.1E9 5.4E10 0.0:1.0:5.9
Gas Fraction Study

DC..covvie 3.3E10 0.25 2.7E7 6.15 1.6E8 3.65 1.3E10 6.6E9 4.9E10 2.0:1.0:7.5

) L 6.7E10 0.21 1.9E7 4.71 1.7E8 3.38 . 2.0E10 2.7E9 4.6E10 .. 7.6:1.0:17

FCoooiiiiie 24El11 0.11 7.7E9 0.54 2.9E7 4.89 2.7E8 2.77 1.9E10 1.4E10 1.6E10 1.3E10 1.1:1.7:1.0

Minor Merger Study

DCm..coveeciee 4.3E9 0.57 3.7E8 3.36 . ... 9.4E9 2.6E10 . 1.0:2.8:0.0

ECm.....cccceeeee 3.6E9 0.58 3.3E8 3.14 1.3E7 4.70 7.6E9 2.0E10 6.8E9 1.1:3.0:1.0

FCm...ooocoveiee 7.5E9 0.36 3.7E8 3.06 1.3E7 3.66 6.3E9 2.1E10 4.2E9 1.5:5.1:1.0

Veir = 80 km s~ Study

DCS v 8.7E9 0.12 1.0E9 0.33 6.7E7 2.15 8.5E8 7.2E8 7.1E9 1.1:1.0:9.8

ECS.ocoiiiiiine 3.3E10 0.10 9.1E8 0.46 3.5E7 243 2.1E9 1.2E9 4.8E9 1.7:1.0:3.9

FCs.oooveiiine 3.2E10 0.10 1.5E9 0.34 5.0E7 1.92 2.0E9 1.2E9 4.2E9 1.7:1.0:3.4

heated bulge or extended spheroid. The mass of the stellar an exponential thin disk

structures in the remnant can be measured from the surface mass

density profile. After the merger the stellar angular momentum of Yu(r) = Sge R (2)

the remnant is measured and used to define a possible “disk”-

plane perpendicular to the rotation axis of the remnant. The plane an exponential thick disk

defined normal to the stellar angular momentum vector captures

i i = —r/R, icl
the mean stellar rotation in the remnants we study and only un S thick() = Saieke "/ Revier, 3)

derestimates rotation when rotationally supported stellar struc-
tures are misaligned with the total stellar angular momentum.
The stellar surface mass density of each remnant is then mea-
sured in logarithmically spaced annuli and is modeled by a mul-
ticomponent system (Fig. 2, top right) as a function of radius 7,
which may include an exponential bulge

Sp(r) = Spe "/, (1)

and an extended stellar spheroid with a de Vaucouleurs (1948)
profile

() = 35,1073 /e 1], @

Each remnant is fitted with individual thin disk, bulge—thin
disk, bulge—thin disk—thick disk, bulge—thin disk—spheroid,
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Fic. 3.—Stellar rotation curve of merger remnants, for models with differing ISM pressurization. Shown is the rotation of stars formed before the merger (open
triangles), after the merger (open circles), and for all stars in the system ( filled circles). The amount of rotation in the disk remnant correlates strongly with gas
pressurization, increasing from the top left panel (ggos = 0.1, model GAn) to the bottom center panel (ggos = 1.0, model GEn). The nearly isothermal ISM model
(¢ros = 0.1, model GAn) produces almost no net rotation in the stellar disk, while moderately to strongly pressurized models (geos = 0.5—1.0, models GCn-GEn) yield
a rotating stellar component. The bottom right panel shows a strongly pressurized ISM model (ggos = 1.0, model GE) with BHs.

and bulge—thin disk—thick disk—spheroid models with the re-
quirements that the bulge scale length a;, < 1 kpc, the thick disk
scale length R pick is larger than the thin disk scale length R,
and the spheroid scale length a; > a;. A simple x* estimate of
the success of each model in reproducing the surface mass den-
sity profile of the remnant is used to determine the relative mass in
bulge, disk, and spheroid components. When the model fits sug-
gest that either a thick disk or an extended spheroid models pro-
vide comparable fits to the projected stellar distribution, the
rotational support V. /o of the stars at large radii is used to
select a preferred model. In this case dispersion supported sys-
tems (Vio/o < 1) are assigned extended spheroids and rota-
tionally supported systems (V;o/o 2 1) are assigned thick disk
components. The best-fit surface mass density models are reported
in Table 2, including the remnant bulge-disk-spheroid mass
ratios. For comparison, Table 2 also lists the best-fit surface mass
density parameters for a Vy;; = 160 km s~! progenitor (model
ICs) with a gas fraction of fy,s = 0.4 measured using the same
method.

3. RESULTS

The suite of simulations provides an extensive set of rem-
nants that characterize the ability of extremely gas-rich mergers
to produce both disk components in spheroid-dominated sys-
tems and disk-dominated systems whose structure and kinematics
closely resemble large spiral galaxies. In nearly every gas-rich
merger we simulated (save model DCs; see below) the new stars
formed after the peak of the SFR produced a rotationally sup-
ported structure. These remnant disks are ubiquitous in gas-rich
mergers, but the extent to which they dominate the stellar con-
tent and the degree of rotational support shows trends with the

strength of pressurization in the ISM, the presence of growing
supermassive BHs, progenitor gas fraction, orbit and disk ori-
entation, and progenitor mass ratio. Below, we consider the im-
pact of these merger properties in turn.

3.1. Feedback Study

The kinematic properties of the remnants exhibit significant
quantitative differences as the pressure support of the ISM is
varied. The stellar rotation curves of the merger remnant in the
gros = 0.1, 0.25, 0.5, 0.75, and 1.0 models without BHs are
plotted in Figure 3 for a progenitor gas fraction of fg,s = 0.99.
The strength of the rotating stellar component correlates with
the pressurization of the ISM. The least effective ISM model for
producing a remnant disk is the weakly pressurized, nearly iso-
thermal model (ggos = 0.1, model GAn; top left) that yields a
slowly rotating, clumpy stellar remnant. The gaseous progenitor
disks in model GAn are not stable against Toomre (1964) in-
stability as the sound speed of the weakly pressurized gas cannot
support the massive gas disk against self-gravity. The gaseous
disk efficiently converts into stellar clumps before and during the
collision, producing a remnant with very little average rotation
(max Vi =~ 90 km s’l). However, the scant amount of gas re-
maining after the final coalescence in this merger still manages
to produce a very small, rapidly rotating disk. Increasing the ISM
pressurization to ggos = 0.25 (model GBn; fop center) greatly
reduces the presence of stellar clumps owing to instabilities and
roughly doubles the radial extent of the rotating component, but
does little to improve the average rotation of the remnant. Over-
all, low-pressurization ISM models do a poor job of producing
remnants with substantial average rotation but can produce small,
rapidly rotating remnant disk components.
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Fic. 4—Remnant stellar mass surface density with a strongly pressurized (ggos = 1.5) ISM, with (right, model GE) and without (/eff, model GEn) black hole
feedback. Shown is the measured stellar surface density (circles), and bulge (dot-dashed line), thin disk (dashed line), thick disk (dotted line), and composite (solid line)
mass models fits. We fit exponential disks to the central bulge and stellar disk components and a de Vaucouleurs (1948) profile to the spheroid. As discussed by
Robertson et al. (2006), black hole feedback reduces slightly reduces the mass of the central stellar spheroid and increases its effective radius. The relative sizes of the

bulge and disk components are reported in Table 2.

Merger-driven disk formation will require a moderately to
strongly pressurized ISM to provide enough kinematic stability
to the gas to avoid forming too many stars before the final merger.
The moderately to strongly pressurized models (ggos = 0.5—
1.0, GCn—GEn; top left and bottom center) produce remnants
that contain rapidly rotating stellar disks in addition to bulge or
extended spheroid components. During the merger, the pres-
surization from the stiffer equation of state makes the ISM less
compressible, reduces the central gas density, and leads to less
conversion of gas into stars. A larger fraction of stars in the final
remnant form after the height of the merger, increasing the mass
of the disk component and the average rotational velocity of

the stars. Just before the final coalescence, the moderately and
strongly pressurized models have fg,s ~ 0.5-0.6, much larger
than the fg,s =~ 0.1 in the gros = 0.1 model and f,s = 0.26 in
the ggos = 0.25 model. The abundance of gas present during the
final coalescence in the moderately and strongly pressurized
models allows for stellar disks to form from gaseous remnant
disks (e.g., Springel & Hernquist 2005). Figure 4 shows the stel-
lar surface mass density of two highly pressurized (ggos = 1.0),
gas-rich major merger models with (model GE; right) and with-
out (model GEn; leff) supermassive BH feedback. In both cases,
stellar disks form from gaseous remnant disks created during
the merger. The presence of supermassive BHs slightly decreases

x [h" kpe]

x [h" kpc]

x [h" kpc]

Fic. 5.—Rotation curves of remnants from mergers of galaxies with moderately pressurized ISM and growing supermassive black holes for a variety of disk
orientations. Shown is the rotation for new stars formed after the merger (open circles), old stars formed before the merger (open triangles), and all stars ( filled circles).
The formation of rapidly rotating remnants is not limited to prograde-prograde coplanar mergers (model GC, bottom right), but can occur in both polar (model GCoF, top
right) and inclined (model GCoO, bottom left) orbits. Gas-rich mergers can also produce remnants with very little rotation (model GCoE, top center) or counterrotating

cores (model GCoP, bottom center).
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Fic. 6.—Rotational support V;./o and projected stellar mass for three orbits that produce remnant disks in very gas-rich mergers. Shown are the logarithmic surface
density of the stars (fop panels) and the V/o measured for all stars (solid circles), and stars formed before (open triangles) or after (open circles) the merger of galaxies
with moderately pressurized ISM models (geos = 0.5). The polar (model GCoF, left panels) and inclined (model GCoO, center panels) orbits lead to remnants that are
disk dominated and rotationally supported. The prograde-prograde coplanar orbit (model GC, right panels) also produces a rotationally supported disk system.

the mass of the central spheroid and increases its effective
radius, in agreement with the findings of Robertson et al. (2006)
for mergers that produce elliptical galaxies. Combined, the ve-
locity fields shown in Figure 3 and the stellar disks shown in
Figure 4 demonstrate that disk galaxy remnants containing rap-
idly rotating, stellar disk components can form from high angu-
lar momentum, gas-rich mergers when the ISM is pressurized.

3.2. Orbital Study

While the results of § 3.1 demonstrated that the pressuriza-
tion of the multiphase ISM from star formation and feedback
can produce remnant disks in gas-rich, prograde-prograde copla-
nar mergers, the generality of a merger-driven scenario for disk
galaxy formation would require a wider range of encounters to
produce remnant disks. Using simulations without star forma-
tion, Barnes (2002) demonstrated that gaseous disks could form
in mergers that were not exactly coplanar, including polar orbits.
Here we examine the impact of varying a range of progenitor disk
orientations and pericentric passage distances on remnant disk
formation including the effects of star formation and energetic
feedback mechanisms.

Figure 5 shows the rotation curves for six different fairly
radial encounters, including a prograde-prograde coplanar merger
(model GC; bottom right), retrograde-retrograde coplanar (model
GCoC; top lefi), polar (models GCoF, top right, and GCoP, bottom
center), and intermediate cases (models GCoE, top center; and
GCoO, bottom leff). In each case, the same moderately pressur-
ized ISM (gros = 0.5) is used and enables the new stellar com-
ponent to rapidly rotate. Remarkably, some highly noncoplanar
encounters produce remnants whose entire stellar remnant is rap-
idly rotating (models GCoF and GCoO), demonstrating that
merger-driven disk formation is not limited to the single coplanar
orbit discussed by Springel & Hernquist (2005). Certainly, some

orbits lead to remnants with almost no average rotation (model
GCoE), although with a rapidly rotating young stellar compo-
nent. Interestingly, the retrograde-retrograde polar encounter
(model GCoP) produces a remnant with a new stellar compo-
nent that counterrotates in its interior relative to the outer young
stellar material. Previous studies have demonstrated the formation
of counterrotating disks to form in remnants of mergers involv-
ing progenitors with fy,s ~ 0.1 (Hernquist & Barnes 1991) or in
spiral galaxies via other mechanisms (e.g., Thakar & Ryden
1996, 1998). We plan to examine the creation of counterrotating
cores through extremely gas-rich major mergers in subsequent
work, but we note here that the relative ages of the older, central
disk in model GCoP compared with its outer, younger disk is
consistent with the picture for the formation of kinematically
decoupled cores presented by Hernquist & Barnes (1991), in which
the central disk forms primarily from strongly torqued material
during the first passage and the outer disk forms later from
material that retains some of its original orbital or disk angular
momentum.

The rotational support of the remnants GCoF and GCoO
formed from noncoplanar mergers, shown in Figure 6 with the
coplanar encounter GC, is surprising, but it bolsters the merger-
driven scenario for disk formation. In each merger the total stellar
rotational support exceeds Vio/o = 1, and the new stellar com-
ponent peaks at Vio/o > 5. While the mass of the prograde-
prograde coplanar merger remnant is still dominated by the central
bulge (bulge-to-disk ratio B:D ~ 1.2:1.0), the other models
are disk-dominated with bulge-to-disk ratios of B: D ~ 1.0:2.1
for model GCoF and B:D =~ 1.0:1.6 for model GCoO, in-
cluding thick disk components. At the time of the merger these
noncoplanar mergers have fyas = 0.6-0.7 of their baryonic com-
ponent in gas, compared with fg.s ~ 0.5 for the coplanar merger.
The rotationally supported remnants from noncoplanar orbits
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Fic. 7.—Rotation curves of remnants from mergers of galaxies with moderately pressurized ISM and growing supermassive black holes for a variety of pericentric
passage distances. Shown is the rotation for new stars formed after the merger (open circles), old stars formed before the merger (open triangles), and all stars ( filled
circles) for pericentric passage distances increasing from rperi = Ry = 2.7 h~! kpc (model GCrA, top lef?) to Fperi = 0.3Ryir = 48 h~! kpc (model GCrD, bottom right).
The formation of rapidly rotating remnants is appears to require orbits that are not too radial, since the first passage is violent and too much gas is converted to stars
before the merger. Orbits also cannot be too wide, since the merger timescale is extended and results in a mostly stellar final merger. Remnants from mergers with
pericentric passage distances of a few progenitor disk scale lengths, such as the coplanar (model GC, top center) and polar orbits shown here (model GCoF, top right),

appear to be most efficient at producing remnant disks.

experience less star formation during their first passage than the
coplanar orbit (see also Mihos & Hernquist 1996), leaving more
gas available to form a remnant disk after the final coalescence. The
inclined merger model GCoE (Fig. 5, top center) that produces
a remnant with very little net rotation has a fg,s ~ 0.2 imme-
diately after the final coalescence, whereas the disk remnants
formed by models GCoF and GCoO have fg,s =~ 0.5 and ~0.4,
respectively. Clearly, both the amount of gas present in the in-
teracting system before the height of merger and the fraction of
gas consumed during the final coalescence may influence the
formation of remnant disks by improving the rotational support
of the remnant.

The simulations that explore the effects of disk orientation
demonstrate that for a given amount of orbital angular momentum
in a merger the contribution of disk angular momentum can affect
the presence of a remnant disk, both by providing angular mo-
mentum to the remnant gaseous disk that forms the rapidly ro-
tating stellar component and by influencing the amount of gas
consumed during the merger. However, the orbital configurations
considered above only alter the disk orientation and not the orbital
angular momentum of the encounter. Changing the pericentric
passage distance can influence both the angular momentum of
the remnant and the amount of gas available to form a remnant
disk both by changing the timescale of the merger and by af-
fecting the gas consumption during the interaction.

Figure 7 shows the rotation curves of remnants with mod-
erately pressurized ISM models (gros = 0.5) formed in prograde-
prograde coplanar gas-rich ( fgas = 0.99) mergers with pericentric
passage distances increasing from 7peri = Ry progenitor = 2.7 hkpc
(model GCrA; top left) t0 rperi = 0.3 Ryir progenitor = 48 h! kpc

(model GCrD; bottom right). Also shown for comparison is a
polar merger with rperi = 2Ry progenitor (f0p right), the same pe-
ricentric passage distance as the prograde-prograde coplanar
model GC (fop center). The nearly head-on collision (model
GCrA) produces a remnant with almost no net rotation; after
the height of the merger, only a small amount of gas remains
(feas = 0.13). The gas available for a remnant disk increases
t0 foas = 0.5—0.6 when the pericentric passage disk scale length
is roughly twice the disk scale length (models GC and GCoF)
and decreases toward larger 7peri With feas = 0.2-0.4 (models
GCrB—GCrD). These orbits have a substantially longer merger
timescale than the more radial orbits, allowing for more qui-
escent star formation and a larger stellar component present in
the progenitors at the height of the merger. The competing ef-
fects of increasing the available orbital angular momentum by
increasing 7y and decreasing the gas available to form a rem-
nant disk owing to extended quiescent star formation then lead
to a range of 7y from which remnant disks are likely to form.
While additional simulations will be needed to better charac-
terize the best orbits for remnant disk formation, from the sim-
ulations performed here we estimate that fairly radial orbits with
pericentric passage distances a few times larger than the disk
scale length are most ideal for merger-driven disk formation in
gas-rich mergers.

3.3. Gas Fraction Study

The preceding feedback and orbital studies have demonstrated
that gas-rich mergers with a pressurized ISM can produce remnant
disks for a variety of orbital configurations. The results of those
simulations suggest that the primary influence on the presence of
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Fic. 8.—Rotational support V;o/o and projected stellar mass for mergers with progenitor gas fractions ranging from fy,s = 0.4 (model DC, leff) to fgas = 0.8 (model
FC, right). mergers. Shown are the logarithmic surface density of the stars (fop panels) and the V;o/o measured for all stars ( filled circles), and stars formed before (open
triangles) or after (open circles) the merger of galaxies with moderately pressurized ISM models (geos = 0.5). The rotational component of these dispersion dominated
galaxies correlate with the gas fraction, and progenitor galaxies will likely need an initial gas fraction of fzs > 0.8 to produce remnant disks (see Fig. 3).

remnant disks is the amount of gaseous material left after the final
coalescence; increased feedback or favorable (although diverse)
orbits reduce the SFR during the first pericentric passage and the
height of the merger, leaving enough gas after the merger to form a
rapidly rotating stellar component. By altering directly the gas
fraction of the progenitor systems, the role of gas fraction on the
rotational support of merger remnants can be determined.

Figure 8 shows the impact of increasing the gas fraction from
Jfeas = 0.4 (model DC; leff) to fgas = 0.8 (model FC; right) in the
progenitor disks. Shown are prograde-prograde coplanar mergers
with a moderately pressurized ISM model (ggos = 0.5). While
the new stars in each model produce a rotationally supported
structure, the average rotational support of the system is well
correlated with the gas fraction as judged from the increasing
Viot/o as a function of progenitor fy.s. The gas fractions of the
merging galaxies before and after the final coalescence are nearly
in proportion to the original gas progenitor gas fractions, with
Jfeas = 0.2 before and fy,s = 0.1 after the final merger in model
DC and roughly twice that those values for the FC model with
double the original gas content. However, the original fy,s = 0.8
progenitors in the model FC merger are not gas-rich enough to
produce a remnant that has a rotationally supported total stellar
component with this orbital configuration. These simulations
suggest that given the typical roughly gigayear timescales in-
volved, major merger progenitors must have original gas frac-
tions fyas 2 0.8 in order to satisfy the fu.s 2 0.5 requirement
during final coalescence for a disk-dominated remnant.

3.4. Minor Merger Study

The simulations of §§ 4 and 5 have demonstrated that gas-rich
mergers can lead to remnant disk systems with substantial rota-
tional support. However, these simulations have modeled only

equal mass encounters. While major mergers on average con-
tribute significantly to the final mass of an average galaxy at the
present day, minor mergers between unequal mass galaxies are
cosmologically more frequent (Lacey & Cole 1993).

The survival of disks in minor merger or infall scenarios have
been readily addressed both semianalytically (Toth & Ostriker
1992; Benson et al. 2004) and numerically (Quinn et al. 1993;
Walker et al. 1996; Velazquez & White 1999; Font et al. 2001;
Barnes 2002). Recently, Bournaud et al. (2005) has simulated
comparatively gas-poor ( fyas < 0.2) mergers between galaxies
with mass ratios in the range 4 : 1-10 : 1, which produce remnants
with disklike stellar structures but elliptical-like kinematics (see
also Bournaud et al. 2004). Currently, the combined results of
these analyses suggest that stellar minor mergers with disks will
produce remnant systems that are kinematically dispersion dom-
inated, but the cosmological infall of satellites expected in the
ACDM cosmology is consistent with the observed distribution
of thicknesses for disk galaxies.

Of additional interest to a scenario for merger-driven disk
formation, Barnes (2002) demonstrated in hydrodynamical sim-
ulations without star formation that gas-rich minor mergers can
produce small gaseous disk remnants. A cosmological scenario
for merger-driven disk formation would likely involve such
minor mergers given their abundance in the mass-accretion
histories of galaxies. Figure 9 shows the rotational support of
remnants formed in prograde-prograde coplanar mergers of the
Veir = 160 km s~! galaxy model considered in §§ 3.1-3.3 with
the Vi = 80 km s~! galaxy described in § 2.4. These minor
mergers with mass ratio m; : m; =~ 8: 1 use a moderately pres-
surized ISM (gros = 0.5) and progenitor gas fractions increas-
ing from fys = 0.4 (model DCm; leff) to fgas = 0.8 (model
FCm; right). The remnants are disk dominated and rotationally
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Fic. 9.—Rotational support V. /o and projected stellar mass for three minor mergers (mass ratio m; : m; = 8 : 1) for progenitor gas fractions ranging from fy,s = 0.4
(model DCm, left) to fgas = 0.8 (model FCm, right). Shown are the logarithmic surface density of the stars (top panels) and the V;o/o measured for all stars ( filled
circles), and stars formed before (open triangles) or after (open circles) the merger of galaxies with moderately pressurized ISM models (ggos = 0.5). The minor
mergers produce disk-dominated, rapidly rotating remnants with Vy,/o > 2. The central velocity dispersion of the larger galaxy roughly double during the merger, but
the rotational support of the remnants are considerably larger than the V;./oc measured for comparable gas-poor minor mergers (e.g., Bournaud et al. 2005).

supported, with Vo /o ~ 2 at 5 h~! kpc. The smaller system is
still massive enough to foment central star formation by driv-
ing gas inward in the larger galaxy, increasing the velocity dis-
persion by a factor of ~2 to o ~ 80 km s~! at the center of each
remnant. These results are qualitatively consistent with previous
work simulating the response of galaxy disks to minor mergers
at lower gas fractions ( fgs ~ 0.1, e.g., Hernquist 1989; Mihos
& Hernquist 1994b, 1995), but in our substantially more gas-rich
systems the additional supply of gas allows the larger galaxy to
retain comparatively more mass-weighted stellar rotation by the
end of the simulation through continued star formation in the
extended gaseous disk. The velocity dispersion in the outer re-
gions of our simulated remnants increases from o ~ 30 km s~
in the larger progenitor at 5 h~! kpc before the merger to o ~
50—60 km s~! in the remnant disk, decreasing with progenitor
gas fraction. While the remnant properties are not strong func-
tions of the gas fraction for our very gas-rich mergers, with each
remnant displaying similar rotational support and bulge-to-
disk ratios (B: D ~ 1:2—1:3; see Table 2), the Vio/o ~ 2-2.5
throughout most of the remnant disks substantially exceeds the
Viot/o == 1.6 for the comparatively gas-poor mergers reported by
Bournaud et al. (2005) for mergers of mass ratiom, :m; =8 : 1
(see their Fig. 10). We therefore infer that increasing the gas
fraction of the disk progenitors of minor mergers beyond the
maximum fg,s = 0.2 used by Bournaud et al. (2005) will im-
prove the rotational support of remnant disk galaxies; but we
cannot fully detail the strength of the effect with the simulations
presented here. However, based on the success of the gas-rich
minor mergers in retaining significant rotational support for the
remnant disks, we suggest that gas-rich minor mergers may be

an arbiter of merger-driven disk formation and should be studied
further.

3.5. Small-Progenitor Study

The scale-dependent physics of gas cooling and star forma-
tion may influence merger-driven disk formation for a mass-
sequence of galaxies. To examine this possibility, we repeat the
gas fraction study presented in § 3.3 substituting smaller, Vy;; =
80 galaxies for the progenitor systems while maintaining the
same orbit (i.e., the same physical 7 and 7init). Figure 10 shows
the Vio/o as a function of radius for mergers with moderately
pressurized ISM models (ggos = 0.5) and progenitor gas frac-
tions increasing from fys = 0.4 (model DCs; left) to foas = 0.8
(model FCs; right). The remnants produced in these lower mass
mergers are rotationally supported only in their outer regions.
The merger with fg,s = 0.4 progenitors (model DCs) does not
contain a significant rotating component comprised from new
stars, the only such system in our suite of simulations. The higher
gas fraction progenitors (models ECs and FCs) do produce ro-
tating structures from their young stellar components, but the
average rotation of these systems is dominated by rotation in
their large spheroid components.

As discovered for more massive progenitors in § 3.3, the gas
fractions of the merging systems both before and after the final
coalescence scale roughly with the initial progenitor gas fraction
for the same orbit and ISM pressurization. These systems each
have gas fractions fgzs < 0.5 just before the final coalescence
and fgos < 0.25 immediately afterward, below the gas fractions
measured in mergers that produce remnant disks. While the gas
densities in the disks of these systems are lower than in the more
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Fic. 10.—Rotational support V;/o and projected stellar mass for mergers with progenitor gas fractions ranging from fgs = 0.4 (model DC, /ef?) to fgas = 0.8 (model
FC, right) mergers for small V.;; = 80 km s~! galaxies. Shown are the logarithmic surface density of the stars (top panels) and the V,o/c measured for all stars ( filled
circles), and stars formed before (open triangles) or after (open circles) the merger of galaxies with moderately pressurized ISM models (ggos = 0.5). The rotational
component of these dispersion dominated galaxies correlate with the gas fraction, although the relative importance of rotation is higher in these small mass systems than
the more massive systems in similar mergers (see Fig. 8). The progenitor galaxies will likely need an initial gas fraction of fy,s > 0.8 and the merging system will need

Jaas > 0.5 just prior to the final coalescence to produce remnant disks (see Fig. 3).

massive systems considered in § 3.3 and therefore produce
relatively less star formation in quiescence, the merger time-
scale for the less massive systems is longer and leads to similar
gas fractions at the final merger. If instead of using a physically
identical orbit for both the lower mass and higher mass progenitors
the orbits for the lower mass progenitors were scaled with the disk
scale lengths, or similarly the virial radii, the less massive systems
would have merged on a shorter timescale and may have produced
more rotationally supported remnants. Given the increased rota-
tional support in the remnants of lower mass progenitors relative
to the higher mass progenitors, we speculate here that lower mass
systems may be more conducive to merger-driven disk formation
than can be inferred from the simulations we have performed. We
leave explorations of these suspicions to future work.

4. DISCUSSION

The suite of mergers simulated in this work indicates that
merger-driven disk formation may viable in the gas-rich mergers
that build high-redshift galaxies. The requirements that the
merging system is gas dominated ( fgs = 0.5) during the final
coalescence to provide enough gas immediately after the merger
to sustain a remnant disk is likely a necessary but not sufficient
condition for merger-driven disk formation. However, physical
effects that increase the gas fraction during the final merger also
improve the structure and rotational support of remnant disks.
Increased pressurization of the ISM, favorable orbits with less
violent first passages or shorter merger timescales, small mass
ratio mergers that decrease the interaction-induced star forma-
tion in the more massive progenitors, and simply increased gas
fractions in the progenitors all improve the rotational support of

the remnants and in some cases lead to disk-dominated, rapidly
rotating stellar remnants.

The importance of gas-rich mergers for a variety of galaxy
properties has been increasingly realized (for a discussion see
e.g., Brook et al. 2005), and the results of our simulations of
gas-rich progenitors bear on hierarchical models for the mass
assembly of disk galaxies. Abadi et al. (2003b) report that a
substantial fraction of the thick disk stars of a simulated disk
galaxy formed in a cosmological setting originate as tidal debris
from satellite systems accreted after the thin disk forms. Brook
et al. (2004, 2005, 2006) present a different scenario in which the
thick disk forms from multiple early gas-rich mergers ( fgas =~ 0.5;
C. Brook 2006, private communication) and the thin disk forms
later from the gaseous debris of these accretion events. A recent
photometric survey of the thick and thin components of edge-on
disk galaxies by Yoachim & Dalcanton (2006) and kinematic
decompositions of the thick and thin disk components of two
galaxies by Yoachim & Dalcanton (2005) suggest that thick
disks may be kinematically disjoint, with lower rotational veloc-
ities than galactic thin disks. This observational evidence sup-
ports the thick disk accretion scenario forwarded by Abadi et al.
(2003b). However, if substantial thick disk mass accreted after
the thin disk becomes predominately stellar, then heating of the
thin disk will occur anyway (e.g., Quinn et al. 1993). Instead, if the
epoch of thick disk accretion occurs when the large thin disk is
gas-rich, then our simulations of minor mergers suggest that the
thick disk may be safely accreted without unreasonably increas-
ing the thin disk velocity dispersion.

Our study of the formation of remnant disks in gas-rich
mergers provides a compliment to studies of elliptical galaxy
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formation in gas-rich merging (e.g., Robertson et al. 2006).
Major mergers between disk galaxies with progenitor gas frac-
tions fgas < 0.8 almost uniformly produce spheroid-dominated
systems as the systems are not gas dominated at the time of fi-
nal coalescence. Such spheroid-dominated remnants are simi-
lar to our lower gas fraction models EC—FC. As Robertson et al.
(2006) demonstrate, these spheroid dominated systems obey el-
liptical galaxy scaling relations such as the fundamental plane
(Djorgovski & Davis 1987; Dressler et al. 1987).

Moreover, other apparently separate considerations make the
case that if ellipticals did form through mergers, the progenitors
must have been gas-rich (although not gas dominated as the sim-
ulations here show that these events may leave behind systems with
large disks). For example, Hernquist et al. (1993) showed that
gas fractions larger than or of order 20%-30% are required if
mergers between disk galaxies are to account for the relatively
high phase space densities of local ellipticals. Moreover, this
same criterion ensures that the remnants obey observed scaling
relations (e.g., Robertson et al. 2006) and match kinematic prop-
erties (e.g., Cox et al. 20006) of ellipticals.

The even more gas-rich mergers with progenitor gas fractions
Jeas > 0.8 with disk-dominated stellar components will not satisfy
these elliptical galaxy scaling relations owing to their rotational
support. These gas-rich merging scenarios for elliptical galaxy
formation and remnant disk galaxy formation are fully consistent,
as the remnant stellar disks form in systems with gas fractions
large enough to sustain remnant gaseous disks, whereas elliptical
galaxies are generated in highly dissipative events in which the
vast majority of the gas is consumed and a large gaseous rem-
nant disk cannot form owing to the nearly complete depletion
of gas. In gas-rich merger events that lead to elliptical galaxy
formation, almost all of the stars form before or during the final
coalescence of the galaxies. The production of remnant disks in
mergers requires that progenitors are comparably even more gas-
rich to enable the formation of a remnant gaseous disk massive
enough to eventually form a rapidly rotating stellar disk that can
dominate the stellar structure of the remnant. Naturally, this requires
that the gas fraction before the final coalescence is fgs > 0.5, in
agreement with the results of this study. Effects that reduce the
consumption of gas before the final coalescence assuage the
merger-driven production of disks, and while our work con-
centrates on feedback and orbital effects as well as the gas fraction
of the progenitors, we note that additional structural properties of
the progenitors that reduce gas consumption during the merger
(e.g., bulges) may also play a role in the formation of remnant
disks. Finally, the range of Hubble types observed for spiral
galaxies spans a considerable range in both rotational support
(Viot/o) and bulge-to-disk ratio. The merger-driven scenario for
disk galaxy formation here may account for systems with bulge
components but likely cannot explain very late type systems
(e.g., Sd galaxies), which presumably must form almost entirely
through dissipative processes that do not produce hot stellar
components.

We emphasize that feedback associated with black hole growth,
while essential for accounting for the observed properties of qua-
sars (Hopkins et al. 2005b, 2005a, 2006) and the red colors of
ellipticals (e.g., Springel et al. 2005a; Hopkins et al. 2006), has
little impact on the global structural properties of the remnants
studied here. This is consistent with the work of Robertson et al.
(2006) and Cox et al. (2006), who found that black hole feedback
likewise has negligible consequence for ellipticals on scales of
order the effective radius. The signatures of black hole growth on
the stellar distribution of merger remnants thus appears subtle and
may be restricted to modifying the characteristics of the central
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starburst population formed during the merger (e.g., Mihos &
Hernquist 1994a, 1994c).

5. SUMMARY

To address the often destructive impact of the frequent merging
in the ACDM cosmology on spiral galaxies, we propose a new,
merger-driven scenario for disk galaxy formation at high redshifts
that supplements the standard picture based on dissipational col-
lapse (White & Rees 1978; Blumenthal et al. 1984). In this sce-
nario gas-rich mergers can form rotationally supported gaseous
structures from residual angular momentum after the final co-
alescence. This rapidly rotating material will form stars, and if
enough material is available to form a substantial rotationally
supported component the remnant can resemble a disk galaxy
both structurally and kinematically. We perform a suite of 28
merger simulations to address the feasibility of such a scenario
for disk galaxy formation and demonstrate that remnant disks
can form from sufficiently gas-rich mergers with a variety of or-
bits, mass ratios, and physical models for the ISM or the inclu-
sion of growing supermassive black holes. We provide a detailed
summary of these results below.

1. We verify the results of Barnes (2002) and Springel &
Hernquist (2005) in demonstrating that gas-rich mergers can
produce remnant disks. Nearly every gas-rich merger with pro-
duces a rapidly rotating structure from stars formed in remnant
gaseous disks after the merger. Furthermore, we demonstrate that
certain gas-rich mergers can produce remnants whose entire stellar
structure is rotationally supported. A necessary condition for the
formation of these disk-dominated remnants is inferred to be a
gas fraction of fges > 0.5 just prior to the final coalescence, which
we have referred to as being “gas dominated.” Merger-driven
disk formation is shown to occur under a variety of gas-dominated
mergers and is not limited to, e.g., idealized prograde-prograde
coplanar mergers. Favorable equal-mass encounters for merger-
driven disk formation include certain polar and inclined orbits
with limited star formation during the first pericentric passage. A
successful merger-driven disk formation scenario would require
extremely gas-rich progenitors with gas fractions fy,s > 0.8 and is
therefore likely limited to high-redshift galaxy assembly.

2. The rotational support of remnants is shown to correlate
with the pressurization of the ISM. Using the multiphase ISM
model of Springel & Hernquist (2003) modified to allow for an
adjustable pressurization in the form of an effective equation of
state (Springel et al. 2005b), the merger simulations demonstrate
that pressurized ISM models limit the amount of gas consumed
before the final coalescence of the progenitors. The reduced star
formation increases the gaseous material available to form a rap-
idly rotating remnant disk and improves the rotational support of
the remnant system. Weakly pressurized ISM models either pro-
duce unstable progenitors owing to the high gas fractions or have
efficient star formation. In both cases the merging systems ex-
perience a mostly stellar collision that simply kinematically heats
the existing stars without producing a newly formed disk to con-
tribute to the rotation of the remnant.

3. Gas-rich minor mergers can produce disk galaxies with
substantial rotational support (V;ot/c > 2). The mass ratio ms :
m; = 8:1 merger simulated for a range of gas fractions pro-
duces a remnant disk galaxy rotationally supported at all mea-
sured radii» > 1 kpc. The central velocity dispersion during the
merger roughly doubles, and the old stellar disk is heated. The
rotational support of the remnant disks remaining from gas-
rich minor mergers is considerably larger than that measured
for comparable gas-poor minor mergers by Bournaud et al.
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(2005), who calculate V,y/o ~ 1.6 for 8 : 1 mass-ratio gas-poor
mergers.

The simulations confirm that merger-driven disk formation
from gas-rich encounters at high redshift may be possible and
highlight the role of energetic feedback on the rotational support
of extremely gas-rich merger remnants. Finally, to confirm the
merger-driven scenario for disk galaxy formation as a viable sup-
plement to the dissipational collapse model, cosmological sim-
ulations of galaxy formation including pressurized multiphase
ISM physics should be performed at sufficient resolution to de-
termine the importance of early, gas-dominated mergers to the
cosmological frequency of disk galaxies. While cosmological
simulations of galaxy formation with multiphase ISM physics

appear promising (Robertson et al. 2004), simulations with suf-
ficient resolution to track early interactions between gas-rich sys-
tems may provide a more comprehensive picture of cosmological
disk galaxy formation.
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dation (NSF) grants ACI 96-19019, AST 00-71019, AST 02-
06299, and AST 03-07690, and NASA ATP grants NAG5-12140,
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Harvard-Smithsonian Center for Astrophysics.
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