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ABSTRACT

Models of poststarburst (or “K+A”) galaxies are constructed by combining fully three-dimensional
hydrodynamic simulations of galaxy mergers with radiative transfer calculations of dust attenuation.
Spectral line catalogs are generated automatically from moderate-resolution optical spectra calculated
as a function of merger progress in each of a large suite of simulations. The mass, gas fraction,
orbital parameters, and mass ratio of the merging galaxies are varied systematically, showing that
the lifetime and properties of the K+A phase are strong functions of the merger scenario. K+A
durations are generally < 0.1-0.3 Gyr, significantly shorter than the commonly assumed 1 Gyr, which
is obtained only in rare cases, owing to a wide variation in star formation histories resulting from
different orbital and progenitor configurations. Combined with empirical merger rates, the model
lifetimes predict rapidly-rising K+ A fractions as a function of redshift that are consistent with results
of large spectroscopic surveys, resolving tension between the observed K4+A abundance and that
predicted when one assumes the K+A duration is the lifetime of A stars (~1 Gyr). These simulated
spectra are spatially resolved on scales of about 1 kpc, and indicate that a centrally-concentrated
starburst causes the Balmer absorption strengths to increase towards the central few kiloparsecs
of the remnant. The effects of dust attenuation, viewing angle, and aperture bias on our models are
analyzed. In some cases, the K4+ A features are longer-lived and more pronounced when AGN feedback
removes dust from the center, uncovering the young stars formed during the burst. In this picture,
the K+A phase begins during or shortly after the bright starburst/AGN phase in violent mergers,
and thus offers a unique opportunity to study the effects of quasar and star formation feedback on the
gas reservoir and evolution of the remnant. Analytic fitting formulae are provided for the estimates
of K+A incidence as a function of merger scenario.

Subject headings: galaxies:evolution, galaxies:interactions, galaxies:starburst, methods:numerical

1. INTRODUCTION

E+A galaxies were seen as occupying an important tran-

Generally speaking, bright galaxies fall into two broad
visible-spectrum categories: star-forming, blue spiral

alaxies, and passively-evolving, red elliptical galaxies
%m ). Two long-standing questions for study-
ing galaxy formation are: How does each type of galaxy
form? Do galaxies transform from one type to another,
and if so, how?

Early studies of the relationship between these classes
as a function of lookback time focused on galaxy clusters.
\Oemler (1974) and Butcher & Oemler (1978) concluded
that intermediate-redshift (z ~ 0.5) clusters have a much
larger fraction of blue, star-forming galaxies than nearby
clusters: the “Butcher-Oemler effect”. Dressler & Gunn
(1983) found that in one cluster, these blue cluster mem-
bers were not “normal” spiral galaxies as we might see in
the local Universe, but had spectra indicating either nu-
clear activity (e.g. Seyfert) or a recently quenched star-
forming episode. The latter, so-called “E+A” galaxies,
named as the combination of an early-type galaxy spec-
trum (E) with an A type stellar spectrum, were fitted
best by an old stellar population plus a starburst com-
ponent whose development ended within the last ~ 1
Gyr; they have strong Balmer absorption features but
weak or undetected nebular emission lines. Also known
as “K+A” (for K type stars) or “poststarburst” galaxies,
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sitional state between the star-forming and passive popu-
lations. These objects are commonly selected from spec-
troscopic surveys as having Hd equivalent width greater
than some value (typically roughly 5A) in absorption and
[O II] emission equivalent width less than roughly 2A.
The latter limit corresponds to a cut in specific star for-
mation rate at roughly 10~!''yr—!, or a star formation
rate below about 2 Muyr~! for the most massive galax-
ies we consider in this work (Kennicutt [1998).
Numerous studies of K+A galaxies have been un-
dertaken to explore this paradigm of galaxy evolu-
tion. K+4A galaxies were found to be a significant
fraction (~ 0.2) of rich cluster members at 0.2 <
2 < 0.6 (Couch & Sharples [1987; Dressler & Gundl [1990;
[Fabricant et all 1991 Belloni et all 1995; IB_aJ.Qghﬂ_aiJ
[1999; [Poggianti et all [1999), but are fewer than 1% of
cluster members at z < 0.1 (Dressled 1987). Thus, a
cluster-specific mechanism was thought to be responsi-
ble for quenching the star formation in these galaxies at
intermediate redshifts, leaving fewer potential progeni-
tors for the present time. Unbiased spectroscopic sur-
veys revealed that although K+As seem to be a sizable
fraction of cluster galaxies, they also exist in substan—
tial numbers in lower density regions (Zabludo
[1996; Blake et _al! 2004; [Gotd 20074; Yangﬁalu)&%
Vergani et all [2010) out to z ~ 1. In fact, the ma-

jority of K+A galaxies in the local universe do not re-

side in clusters (Quintero et all2004). Thus, a cluster-
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specific mechanism cannot be the only way to make a
K+A galaxy (also see [Yan et all 2009a), and a system-
atic study of alternative mechanisms is warranted.

Detailed studies of the morphology, kinematics, and
metal abundances of nearby poststarburst galaxies (pri-
marily in the field) indicate that many of them are likely
progenitors of bulge-dominated galaxies (Norton et all
2001; [Blake et all [2004; |Quintero et all 12004; |Goto
2007H; [Yang et all 2008). Thus, studying K+A galax-
ies may give clues to the evolution of galaxies from
star-forming disks into quiescent ellipticals in a va-
riety of environments at different cosmological times.
Lavery & Henry (198R) proposed galaxy-galaxy interac-
tions as a mechanism for driving K4+A formation. A
number of previously-mentioned studies of nearby K+ As
point out that a substantial fraction exhibit tidal features
(Zabludoff et all[1996; IChang et all[2001) or companion
galaxies (Yamauchi et all 2008), suggesting that galaxy
interactions or mergers indeed play a role in K+A forma-
tion. In addition, hydrodynamic simulations (with sim-
ple star-formation laws, e.g. Mihos & Hernquistl [1994b,
1996) of gas-rich galaxy mergers can lead to global star
formation histories (SFH) characterized by strong, short
bursts. Using simple stellar population synthesis (SPS),
these bursts can lead to spectra with the lack of nebular
star-formation indicators and strong Balmer absorption
and that are found in poststarburst galaxies.

These studies and others led to proposed K+A forma-
tion mechanisms that fall broadly into two classes: (1)
interaction of a star-forming disk with another galaxy,
and (2) processes specific to massive clusters and ha-
los. While a non-cluster-specific mechanism is required
for K4+As in the field, the relative inefficiency of ma-
jor mergers in systems of galaxies with high relative ve-
locities implies that galaxy-galaxy interactions may not
currently be sufficient for creating the large number of
K+As in the highest-mass halos.

Ram-pressure stripping (Gunn & Gotti [1972), the re-
moval of gas from disks traveling at high-speeds through
a hot intracluster medium (ICM), is a likely candidate
for reducing or ending the star formation in galaxies
that fall into clusters. Although this process alone may
not be violent enough to trigger a K+A phase, numer-
ical work indicates that such galaxy-cluster interactions
may lead to compression of the disk gas, offsets of the
disk gas with respect to the galaxy’s central potential,
or infall of stripped gas that remained bound to the sub-
halo (e.g. seelSchulz & Struck [2001; [Vollmer et all|l2001;
van Gorkom [2004). These may lead to enhancements
of the star formation rate, and thus a better chance
of seeing strong Balmer lines in a galaxy’s spectrum
(Dressler & Gunn [1983). However, these systems can-
not dominate the population of bright K+A galaxies,
because the vast majority of galaxies at these masses
(> 10°My) are centrals (e.g. [Yang et all 2009), so they
undergo their transition from star-forming to passive as
central galaxies.

In addition, for galaxies in halos above ~ 10*2Mg,
cosmological accretion may lead to virial shocks
and heating (Rees & Ostriken [1977) that shut down
star formation. Numerical simulations of this phe-
nomenon (e.g. Keres et alll2005; Dekel & Birnboim 2006;
Birnboim et all [2007) indicate that galaxies in massive
halos may experience a powerful burst-quench cycle lead-

ing to a post-starburst phase. However, this mode is
likely not a dominant contributor to the K4+A popula-
tion for several reasons. In particular, gas will continue
to cool and rain down on the galaxy (Keres & Hernquist
2009), so it is not certain that a complete (or fast enough)
cessation of star formation will occur. In addition, it is
not clear if this mode can drastically alter galaxy mor-
phology in a manner consistent with field K4+A galaxies.

In this work, we focus on K+A formation via galaxy-
galaxy interactions. Mergers have long been thought to
be responsible for destroying stellar disks and turning
them into dispersion-dominated ellipticals: the “merger
hypothesis” (Toomrd [1977). However, recent advances
in numerical simulation methods have allowed the study
of galaxy evolution via mergers in a significantly more
quantitative way. For example, it has recently become
possible to “age-date” the time since the starburst in
K+A galaxies (e.g. [Yang et all[2008), and merger simu-
lations can be used to test these methods by including a
more sophisticated treatment of dust attenuation.

In particular, using physical models also allows the
study of realistic SFH outcomes for a given set of merg-
ers. Empirical models used in studies of K4+ A galaxies
have often assumed very simple forms for the SFH in-
duced by a merger. These SFHs imply “K+A lifetimes”
of order the lifetime of an A type star, 0.5-1.5 Gyr. While
it is true that for a given galaxy, the merger-induced
burst can mimic this trivial single-aged stellar popula-
tion (SSP), it is not clear if this is true for the “typical”
merger involving a given disk. In fact, with fixed pro-
genitors, variations in the orbital parameters of a merger
can lead to an enormous variety of dynamical and SFH
outcomes (Barnes [1992; [Barnes & Hernquist [1996). The
merger or event rate inferred by surveys of K+A galax-
ies are sensitive to this distribution of the K+A duration
timescale. In the present work, we quantify this variation
on the inferred K+A lifetimes of simulated mergers.

In addition, the mechanism for the rapid shutoff of
star formation is not known precisely. Feedback from
star formation and active galactic nuclei (AGN) activity,
presumably leading to the expulsion of the remaining gas
reservoir, has been inferred indirectly in a wide variety of
observations (Kaviraj et al! 2007; [Tremonti et all 2007;
Brown et _all [2009). By varying the feedback prescrip-
tions and strengths in the numerical models, simulations
can test a large variety of these processes in a systematic
way. More generally, by studying poststarburst galaxies
in the context of the extragalactic zoo and standard cos-
mology, we hope to study their implications for the role
of mergers in driving galaxy evolution.

In this paper, we define and study a set of K4+A galaxy
models which are the remnants of simulated galaxy merg-
ers. We have seen that the characteristic rapid inflow
and consumption of gas during a major gas-rich merger
is likely to be the cause of some K+A galaxies, and a
recent study by Wild et all (2009) used simulations from
Johansson et all (2009) to perform a similar comparison
of the models to poststarburst data; the reader is en-
couraged to see those papers for another detailed inves-
tigation of the characteristics of poststarburst galaxies in
merger simulations. Our conclusions are broadly consis-
tent with those reported in [Wild et all (2009).

The present work applies different spectrum synthe-
sis and selection methods to a broad set of simulations
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by |Cox et al! (20064) to systematically quantify the vari-
ation of K+A properties with different merger parame-
ters. In particular, we utilize three-dimensional radiative
transfer to study the post-starburst stellar populations
using standard line strength indicators. This procedure
allows us to arbitrarily vary observing parameters such
as the viewing angle and spectrograph fiber size and re-
alistically measure the line strengths for a wide range of
simulated mergers that include processes such as star for-
mation, feedback, accretion onto a central supermassive
black hole, and dust attenuation.

The primary goal of this work is to reconcile observed
K+A numbers with realistic merger models and well-
motivated merger rates. In §2, we outline in detail our
methodology for generating spectral line catalogs from
numerical simulations. Readers wishing to bypass these
details can skip to the relevant parts of §3 §4 g5l or §6l
In §3] we study the basic ramifications of our methods,
highlighting the resulting variations owing to viewing an-
gle, aperture bias, the presence of a bulge, and AGN feed-
back. In §4 we systematically calculate the lifetime of
the K4 A phase as a function of the input merger param-
eters, and summarize the results in §5l providing fitting
formulae that can be used in semi-analytic modeling. In
g6l we discuss the implications of our study by comparing
observed K+A fractions to those inferred by our lifetime
calculations. We summarize and discuss the implications
of these studies in 7] and conclude in §8

2. METHODS

We employ the GADGET 2 code (Springel2005) to sim-
ulate galaxy merger scenarios. In §2.1] we describe the
mergers studied in this work and the relevant physics in-
cluded. Stellar light and dust extinction are modeled
post-simulation using the three-dimensional polychro-
matic radiative transfer code SUNRISE (Jonsson 2006;
Jonsson, Groves, & Cox 2010, hereafter J06, J10), with
specific models discussed in §2.21 We produce spatially-
resolved spectral energy distributions (SEDs) along mul-
tiple sight lines from 50x50 pixel cameras with each pixel
spanning two physical kiloparsecs. To select K+A galax-
ies, we mimic the data of optical spectroscopic surveys
(§23) and generate spectral line catalogs for each simu-
lation. For this purpose, we use the following equivalent
widths: the Balmer lines (HS, Hy, Ho) = (4861A, 43414,

4101A) and the [O II] A = 3727A transition (§24). In
Figure [l we demonstrate our aperture and spectrum fit-
ting procedure.

2.1. Galazy Simulations

This study is one in a series based on numerical sim-
ulations of gas-rich galaxy mergers. The calculations
used here are essentially a subset of those employed by a
number of other authors, for example |Cox et all (2006a),
Hopkins et all  (20051), |[Narayanan et all (2010ba),
Robertson et all (2006), Wuyts et all (2009ab, 2010),
Younger et al! (2008, 2009), Hoffman et al! (2009, 2010),
and others. The focus of this work differs in that we
wish to generate and analyze mock spectral catalogs of
merger remnants in order to quantify their observed post-
starburst characteristics. Hence, most of the discussion
in this section will be on the application of the radia-
tive transfer code SUNRISE (J06, J10) to the extraction

of realistic spectra. For a complete description of the
physical models applied to the hydrodynamic methods in
the context of this ongoing study, the reader is encour-
aged to see |Springel, Di Matteo, & Hernquist (2005H)
and [Cox et all (20064).

GADGET 2 (Springel 2005) combines an accurate
N-body gravity solver with a smoothed particle hy-
drodynamics (SPH) code that is fully conservative
(Springel & Hernquisti [2002) to perform cosmological or
galaxy simulations. Gravity dominates on galactic scales,
but hydrodynamics is essential in many applications and
serves as the basis for treating a great deal of chal-
lenging baryon physics. Our simulations spawn star
particles stochastically from the gas via a prescrip-
tion designed to reproduce the Schmidt-Kennicutt law
(Springel & Hernquisti[2003). Each galaxy is seeded with
a central massive black hole that undergoes Eddington-
limited Bondi-Hoyle accretion. These processes in-
evitably inject energy back into the surrounding gas (su-
pernovae, jets, winds, radiation, etc), so our simulations
model this by thermally coupling some of this energy to
nearby gas particles (Di Matteo, Springel, & Hernquist
2005; Springel 2005; Springel, Di Matteo, & Hernquist
2005H). The feedback efficiency parameters used
are identical to those used in previous studies (e.g.
Hopkins et all 2005b; [Cox et all 20064, and subsequent
works): the radiative efficiency is 0.1, and the feedback
energy couples dynamically to the surrounding gas with
an efficiency of ~ 5%.

Our star-forming disk galaxies consist of dark mat-
ter halos, stellar and gaseous disks, and stellar bulges.
We place two disks on parabolic orbits with a variety
of relative disk orientations. Generally speaking, the
major mergers (two galaxies equal in mass) proceed as
follows. As the two disks approach for the first time,
strong non-axisymmetric forces cause the disks to form
a transient bar, driving some material into the center
(Barnes & Hernquist 1991, 1996). How much material
depends on the merger orientation as well as the proper-
ties of the original galaxy (Hopkins et all2009b)d). For
example, [Mihos & Hernquisti (1994b,11996) find that the
presence of a stellar bulge can resist perturbations owing
to this first passage.

Ultimately, the torques produced during this close pas-
sage transfer angular momentum from the halos’ mutual
orbit into their constituents, leading to a direct coales-
cence of the two disks. During this phase, the perturbing
forces are so great that they completely disrupt the disks,
sending much of the remaining gas into the center of the
combined dark matter potential. As the gas density in-
creases in the central regions, star formation and central
black hole growth proceed rapidly.

In this study, we explore isolated binary mergers for
which we vary galaxy mass, gas fraction, and bulge frac-
tion, as well as their relative orientation and mass ratio.

2.2. Radiative Transfer

We generate mock optical observations of our galax-
ies in post-processing for all relevant times during each
merger simulation. Roughly speaking, knowledge of the
global star formation rate and approximate wavelength-
dependent dust attenuation is sufficient to produce a
reasonable prediction of the integrated galaxy spectrum.
However, large spectroscopic surveys (in which poststar-
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burst galaxies are identified) typically measure only a
portion of the galaxy light in a spatially-biased way
(fibers, slits), and we wish to explore how K+A selection
varies with aperture size and viewing angle. Therefore,
we prefer a method that uses and preserves the infor-
mation we get from the simulations about the locations
of individual star particles and hence of distinct stellar
populations, as well as the gas and dust. This requires
knowing the complete spatially-resolved star formation
history (SFH) of the system, which we can follow via the
histories of the stochastically-spawned SPH star parti-
cles. We then must assign each particle a single-age stel-
lar population (SPS) SED for a cluster of that mass, age,
and metallicity. Moreover, the wavelength-dependent at-
tenuation cannot be reliably predicted from integrated
quantities, as it depends on the geometry of stars, AGN,
and dust, as well as dust grain composition and sizes, and
scattering of light into the line of sight. Thus we calcu-
late the dust attenuation along each line of sight using
knowledge of the surviving gas particles’ spatial distribu-
tion and metallicity by assuming a dust-to-metals ratio.

To these ends, we employ the SUNRISE polychromatic
Monte Carlo radiative transfer code (described in J06
and J10). This code performs all of the necessary steps
above and allows us to conveniently vary important stel-
lar modeling parameters for our study. Below we discuss
the principle components used to compile our final spec-
tra. In addition, we describe the modeling assumptions
we make when limited by the finite resolution of the sim-
ulations. These choices were made to be reasonable for
local merger remnants, and were set before making any
of the conclusions in §8lor 6l In some cases (§2.5), we
varied these assumptions to explore their effect on a small
subset of our simulations. However, in this work we make
no attempt to constrain or fit these modeling uncertain-
ties, but rather treat them as a fixed set of inputs with
which to test the overall picture.

1. Normal stars. To model stars of age > 107 years
(10 Myr), we apply a high-optical-resolution (AA/\ =
20,000) STARBURST99 SED (Leitherer et all[1999) with
metallicity closest to that of the star particle. We use
the two-segment power-law initial mass function (IMF)
of [Kroupad (2001)). Tt is from these models that Balmer-
series absorption enters our SEDs, since stellar clusters
of a certain age will be dominated by A stars, originally
defined by such strong absorption features.

2. Young stars. For stars less than 10 Myr old, SUN-
RISE uses the SED templates of |Groves et all (2008).
These models combine one-dimensional shock models
for evolution of the H II and photodissociation regions
(PDRs) around massive stars and clusters (Dopita et all
2005; IGroves et all 2008), with the MAPPINGS dust and
photoionization radiative transfer code (Binette et all
1982; |Sutherland & Dopita 11993; |Groves et al! [2004;
Allen et all2008) to calculate the SED that emerges from
the HII region and, optionally, the PDR, which is the re-
gion where the gas surrounding young stars transitions
from being fully ionized to fully molecular. These SEDs
include nebular emission lines. An uncertain tunable
model parameter of this component is the time-averaged
fraction, fppr, of each H II region that we assume to
be surrounded by the birth cloud from which the clus-
ter was born (the PDR). The dust in the PDR is a sig-
nificant source of attenuation for young stars that are

potentially the dominant contributor to the galaxy lu-
minosity. Much observational and theoretical work is
attempting to constrain this parameter, and a number
of discussions about its impact and use for studying such
simulations can be found in J10, |Groves et all (2008),
Narayanan et al! (2009), and [Younger et all (2009).

Prior to running any simulations, we selected fppr =
0.3 as a realistic value for the majority of K+A galaxies at
low redshifts. This choice gives results that are identical
to within 10% (in line fluxes) to when the fiducial value of
0.2 from J10 is used. These values of fppgr correspond to
molecular cloud clearing timescales of ~1-2 Myr, which
is consistent with observational estimates (Groves et al
2008, and references therein). As pointed out in J10, the
MAPPINGSIII particles contribute weakly to the galaxy
SEDs when the specific star formation rates are at or
below those of typical local galaxies, which is what we
expect for the majority of K+A galaxies found in local
surveys. See §2.5for a discussion on the effect of fppr =
0.9 on K+A selection.

Another source of noise tied to the treatment of young
stars owes to the stochasticity of the star formation pre-
scription in the simulation. Although it gives the ex-
pected overall star formation rates for each gas particle,
the version of GADGET we use for this study generates
star particles using a finite table of random numbers for
the Monte Carlo step. This causes the formation of star
particles at a given time to be more correlated than it
ought to be, and the emission line star formation indica-
tors reflect this by being highly variable from snapshot
to snapshot even though on average the star formation
histories are correct. For all of our measurements, we
smooth the spectral line catalogs over a 50 Myr box to
limit the noisiness of the lightcurves owing to this effect.
This will add a comparable amount (~ 50 Myr) of uncer-
tainty to our measurements, but this is a small random
effect.

3. Dust attenuation. To attenuate the light originating
from the source particles, SUNRISE performs Monte Carlo
radiative transfer on an adaptively refined Cartesian
grid. For complete details, see JO6 and J10. We assume
a dust-to-metals ratio of 0.4 (Dwek [1998) and Milky Way
dust grain models from Weingartner & Draine (2001))
with [Draine & Li (2007) updates. Using the energy in-
put into the dust by the source particles, SUNRISE com-
putes self-consistently absorption, scattering, and subse-
quent infrared re-emission from dust. The wavelength-
dependent dust attenuation is calculated correctly from
the assumed dust grain models, producing spectra for
which the lines are attenuated realistically.

The radiative transfer of dust attenuation by dense
clumps requires subresolution considerations because the
underlying hydrodynamic simulations do not have suffi-
cient resolution to model the ISM on all scales. Under the
ISM treatment that we use (Springel & Hernquist 2003),
gas particles in GADGET should be thought of as contain-
ing both a diffuse “hot” component and a clumpy “cold”
component where the total masses of each are estimated,
but we have no information about their physical distri-
bution. In this work we use the PDR model described
above to treat the significant attenuation by the GMC
from which a star forms, but assume that the covering
of young stars by GMCs that are not their birth clouds
is negligible. In this approach, we account for the cold
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phase (which can contain ~ 90% of the gas mass) only
through the PDR model, which we use as the source spec-
trum for newly-spawned (< 10 Myr) star particles. This
model is sometimes referred to as “multi-phase ON”. We
believe this choice is appropriate for the conditions of
most local K+ A galaxies, where large reservoirs of ob-
scuring dust are not available. In §2.5 we briefly discuss
an alternative choice.

4. Galazy properties. We use [O 11| as a star-formation
rate indicator to select against poststarburst galaxies,
so in order to capture the approximately correct metal-
licity dependence of this line, we assume the gas disks
have an initial central stellar and gas-phase metallicity
of 1.5Z and gradient —0.03 dex kpc™!, consistent with
Zaritsky et all (1994). We assume that the stars initially
present in the disk were formed continuously over 14 Gyr
and the bulge was formed in a single burst 14 Gyr ago.

5. AGN. This implementation of SUNRISE uses the
black hole accretion rate from the GADGET simulation to
estimate the bolometric luminosity of the central AGN,

L = eMc?, where we use € = 0.1. The code then inserts
an unreddened luminosity-dependent broadband quasar
SED from the templates in [Hopkins et all (2007d). This
source is considered to be at the location of the central
SMBH and its spectrum is treated in the same way as a
star particle, meaning that it is subject to dust absorp-
tion and scattering. While the underlying AGN tem-
plates used for this work include emission from narrow-
line regions (NLR), the coarse interpolation used in this
work to create the broadband AGN spectrum makes it
impossible to measure this component to the lines (it is
treated as continuum). Thus the emission lines in our
spectra solely owe to star formation, and are not con-
taminated by emission from NLRs.

2.3. Simulated Spectra

For the results we present here on the lifetimes of
nearby poststarburst galaxies, we generate mock catalogs
designed to mimic Sloan Digital Sky Survey (York et al.
2000) data. We fix the scale of our measurements by
placing each galaxy at z = 0.1. The result of the SUN-
RISE procedure is, in general, a set of observations of
the galaxy merger from several different camera angles.
We choose seven viewing angles distributed uniformly
in solid angle. One might think of each viewing angle
for a given snapshot as a distinct measurement. Thus
our Sample consists of Ncamcras X Nsnapshots X Nsimulations
measurements. The mock data consist of the spectral
flux density on a square grid of pixels for each camera.
For the present work, our pixels are at most 2 kpc on a
side, which is sufficient to resolve typical spectroscopic
apertures at z ~ 0.1.

For a reasonable balance between spectral resolution
and computation efficiency, we produce SEDs on an
R = A/AX =~ 1000 — 1200 wavelength grid for the range
of interest, 3000-7000A. However, owing to technical lim-
itations at the time these calculations were made, we
have used R = 100 for the MAPPINGS component of the
galaxy SED (§2.2] component 2), oversampling it onto
our R1200 grid. Thus the nebular emission lines are
wider than they should be given the spectral resolution
of the output wavelength grid, but the total flux of each
line is conserved. This somewhat degrades the SEDs for

which there is a substantial emission line component and
renders impossible a two-component fitting of spectra in
which there are comparably strong emission and absorp-
tion components. To avoid confusion, we stick to simple
line strength indicators and do not try to fit both emis-
sion and absorption components.

We conserve the flux in the emission line component,
so we still accurately measure the evolution of the total
flux in the line during the ingress to the poststarburst
phase as star formation/line emission turns off and A
stars become dominant. During the E+A phase and
egress (as the A stars dominate then fade), the low-
resolution MAPPINGS model is sub-dominant and our
~ R1200 sampling becomes meaningful and effective for
measuring the Balmer absorption lines as they shrink
and disappear. This means that we produce spectra (or
sequences of spectra) in which the effective spectral reso-
lution varies unrealistically in both time and wavelength.
The K+ A selection criteria we employ will be sensitive to
this, because ordinary Balmer absorption line strengths
are calculated by measuring the equivalent width without
any emission lines present, because they have been sub-
tracted out. However, we will apply an [O II] limit and
use typically-observed metallicity profiles, so we expect
any Balmer emission filling to be small for systems that
we observe as having small [O II] emission fluxes. We
have checked this by running several simulations with-
out the emission line component. In these cases, our
pipeline measures absorption equivalent widths that are
the same to within ~ 5% for all snapshots that satisfy
the [O TII] criterion.

We measure the simulated spectrum observed by each
camera at every time in four ways. By doing this for all
of our simulations, we hope to get a rough idea of how
these different observing modes can affect the selection
of poststarburst systems formed from a variety of merger
scenarios.

: (Spectrum A) Our default spectrum is measured by in-
cluding the full radiative transfer model (elements
1-4 in the Section 22)) and by only using light that
falls within a 8 arcsecond aperture. We center the
aperture on the peak of the optical surface bright-
ness via centroiding and weight the pixels accord-
ing to their intersection with a 3 arcsecond diame-
ter circle centered on this point. For z = 0.1, this
corresponds to a diameter of approximately 6 kpc.
See Figure [ for a graphical description.

: (Spectrum B) We turn off element 3 of Section [Z2] the
attenuation by diffuse dust, and use the exact same
aperture as for measurement A. The attenuation in
the Mappings subresolution model, item 2 in §2.2
is still included. Note that we do not re-center the
aperture, so cases A and B measure an identical
line of sight.

: (Spectrum C) We measure the integrated spectrum of
the square camera, which is 100 kpc on a side. We
use this as a rough way to estimate the relative
spatial concentration of the K+A component to the
stellar populations.

: (Spectrum D) We measure the integrated light as in C,
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but we turn off element 3 of Section 2.2] the atten-
uation by diffuse dust.

We point out that these methods generalize easily. Our
pixel-weighting scheme can make spectra using arbitrary
spectrograph aperture shapes (slits, etc), and we scale
the aperture consistently using the angular diameter dis-
tance to a given redshift and telescope properties. Where
needed, we assume a flat cosmology with €2, = 0.3 and
Qa = 0.7. In principle, it is feasible to mimic (in all but
spectral resolution) any realistic observing mode.

2.4. Line Catalogs

Following a number of observational works, we use the
rest-frame equivalent widths (W, ), and simple compar-
isons between them, as primary indicators of poststar-
burst activity. This equivalent width is defined (ideally)
as

Iy — C,
Wiine = 7d)‘7 1
: ~/1inc Cx ( )

where I is the spectral flux in the line at wavelength A,
C) is the spectral flux in the continuum at wavelength
A, and the integral is taken separately over each spectral
line in the galaxy’s rest frame.

Thus, our goal is to generate catalogs of this quantity
for each simulation snapshot, camera angle (0-6, Sec-
tion 233), and measurement mode (A-D, Section 23).
For the number of simulations, viewing angles, and ob-
serving modes we wish to test in this work, we must
measure in total a few times 10® individual lines, so we
require a robust, relatively quick way to automate these
measurements. We describe our method in this section.

Like real spectra, we do not know ahead of time the
continuum level C). So for each spectrum, we must es-
timate Cy on the wavelength range of interest. This
computation is a source of uncertainty for any equiva-
lent width measurement and is especially problematic for
the [O II] and H§ lines because they sit in a portion of
the spectrum which varies rapidly with wavelength, espe-
cially when Balmer-series absorption is prevalent. This
makes any general continuum-fitting procedure difficult.

In an attempt to minimize this issue, we follow the
approach of many catalogs and calculate C) using an it-
erative 20 rejection filter with a window of width 200A.
Note that these continuum fitting parameters are some-
what arbitrary; we chose them so that the automatic
measurement, best resembles continua one might draw
by hand near all our lines at all times during the simu-
lation. It should be noted that this procedure somewhat
underpredicts the true continuum level, since it is cal-
culating an average of the flux near the lines while the
true continuum level is unknown. Thus our absorption
equivalent widths are slightly smaller than a more ro-
bust calculation might find. There are many choices of
parameters for this procedure that give reasonable but
different results for the continuum estimation, and we
find that this introduces uncertainty in a relatively bal-
anced way among the lines of interest near the 4000A
break, at the ~ 10% level.

We then convolve (smooth) the continuum with a nor-

malized 100A box and subtract it from the spectrum and
convolve (smooth) the result with a normalized 15A box

to produce the input Sy for the line measurement pro-
cedure. For each line, we approximate Equation () by
fitting to S) a Gaussian curve with parameters Ay, o,
and Acenter as the line amplitude, Gaussian width, and
center, respectively. The equivalent width for the fitted

curve is then Vo
AxoV 27
Wiy~ —2IVET 2)
C)\(Acenter)

This fitting procedure has several advantages over a
direct application of Equation (). Most importantly,
relative uncertainties to the fit parameters are readily es-
timated, allowing us to let the fit proceed with minimal
preconditions. We simply throw out line measurements
for which the line center is not sufficiently close to the
catalog line center, the computed Ws uncertainty is very
large, or the Gaussian fit parameters are very highly cor-
related. Since we value speed for performing so many
calculations, we apply a very simple MCMC procedure
from [Press et all (1986). We find that a 1000-step burn-
in followed by a 5000-step chain more than suffices to
estimate the parameters and their relative uncertainties
for lines that exist.

The pipeline was tested extensively by visually com-
paring the spectral lines to the automatically-calculated
EW values. For lines that are not visually apparent, the
parameter uncertainties and/or correlations are tens of
percent, and the center of the fitted Gaussian often does
not match the line catalog, so we reject measurements
that have these properties. Lines that are obviously sig-
nificant have small residuals (< 5%), and nearby/slightly
overlapping lines can be separated effectively. This pro-
cedure takes approximately 1 second per spectral line on
modern processors: this is adequately fast for our pur-
poses. Although the uncertainties we measure are not
real in the observational sense because our models do not
produce measurement uncertainties, their relative mag-
nitudes are very effective at quickly estimating the ro-
bustness of our line measurements. We will use Wx; as
the primary line strength measurement throughout this
paper.

In this work, for simplicity, we do not use Ha as a
star formation rate indicator. This line enters our model
spectra from all of the model components mentioned in
§[2.2] and the resolution limitations for the emission com-
ponents mentioned in §[2.3lare exacerbated by AGN con-
tributions and the nearby Nitrogen lines.

Future work on these simulations will include the Ha
line. It is useful as an additional observational discrimi-
nant against dust-obscured star-forming contaminants to
the K+A population. Moreover, a number of different se-
lection criteria have been applied to select poststarburst
galaxies in different observational samples. In principle
our models can mimic any of these, but here we do not
consider more than simple EW cuts. This is sufficient
to test K+ A formation and discuss their properties, but
not for complete comparisons to real samples. A full ex-
periment on the merits and results of different selection
methods is beyond the scope of this paper, but will be
the subject of future work.

2.5. Modeling and Numerical Considerations

In §2.2] we described our default model and why we
believe this choice to be reasonable for the galaxies con-



Poststarbursts from Mergers 7

SDSS fiber
atz=0.1

Flux

1.2} 5
1.0}

0.8}

Original Spectrum (Smoothed)
— — — Calculated Continuum + Line Fit

0.6F

4040 4060 4080 4100 4120 4140 4160
Wavelength (A)

0.4 ‘
0.3

0.2
0.1

0.0
-0.1

—~
n
=
c
>
)
j
@®
—
=
o]
—
@®©
~
x
=)
LL

T T T

Ha 3

original spectrum w/ continuum : =

continuum and line fitting residuals ]

3500 4000 4500

5000

5500 6000 6500 7000

Wavelength (A)

Figure 1. An overview of our selection method. Optical images are created for each of seven viewing angles for all simulation snapshots
and scaled to z=0.1. The light falling within a chosen aperture is taken to be the galaxy’s spectrum in our default model. A simple k-o
rejection filter is applied to estimate the continuum level, and the lines of interest are then fitted with individual Gaussians. The top left
panel here shows the logarithm of the optical flux in g-r-i colors for one of our simulated K4+A galaxies. We overlay the SDSS spectrograph
fiber scaled appropriately: this is what our default spectrum A seeks to mimic. In the top right panel we show a zoom-in of our fit to the
H9$ line in the resulting spectrum. In the bottom panel, we show the spectrum (black), our continuum fit (dashed red), and the residuals
(black, arbitrary offset) after fitting for He, H3, Hy, HB, Ha, and [O II]. This procedure allows us to create realistically-generated spectral

line catalogs for a large number of simulations.

sidered here. However, we might expect poststarburst
selection to depend sensitively on these assumptions in
certain cases, so in this section we discuss briefly how
our measurements are affected by different modeling as-
sumptions and numerical resolution. These variations
are motivated by the large uncertainties in modeling the
dense, star-forming, obscuring ISM. Such uncertainties
arise because many of the processes that drive the evolu-
tion of this medium exist on scales below our resolution
or are computationally intractable for such kinds of sim-
ulations. Hence we are limited to using sub-grid models
with parameter choices constrained to some degree by
observations.

For example, the rapidly-varying physical conditions
of late-stage mergers may imply that the appropriate
fppR varies in a complicated way in both time and space.
Emission lines are strongly suppressed from regions with
a high PDR fraction that may exist in extremely dense
and massive molecular environments, leading to a situa-
tion in which the optical spectrum of a powerful starburst
may imply instead a starburst relic. By contrast, emer-
gent emission lines are strongest when the PDR fraction
is low, shortening the length of time a given selection
criterion will define a K+A galaxy.

Thus a value of fppr near 1.0 may be appropriate

for specific galaxies, such as very gas-rich interactions
at high redshift (e.g. Narayanan et alll2009). We believe
it is unrealistic for this work, since we will focus on times
of the simulations that are not extreme starbursts. How-
ever, in order to test the sensitivity of K+A selection
to high values of fppgr, a number of mergers were run
with fppr = 0.9. In general, the K+A lifetimes of these
simulations were longer by up to a factor of two than
those using smaller values, with a second K4+A phase
occurring immediately after first pericentric passage and
prior to final coalescence (unlike the fppr = 0.3 case).
This can be understood because the first passage pro-
duces a weak starburst, but star formation continues; the
Balmer absorption strength increases in both cases, but
with fppr = 0.9, the emission lines from the youngest
stars are obscured enough to be considered quiescent by
our [O II] emission line cut. We did not find any sim-
ulation with either choice of fppr where we selected as
K+A a snapshot during the starburst.

Another way to deal with obscuration by dense clumps
of gas is to turn off the PDR model and instead treat
the entire gas mass as existing in the diffuse ISM phase
(sometimes referred to as “multi-phase OFF”). In this
case, SUNRISE treats the entire mass of each gas parti-
cle as having uniform density over an entire resolution
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element. We note that this choice does not necessarily
maximize the attenuation of young (< 10 Myr old) stars
versus the multi-phase ON model, though it does sys-
tematically increase the attenuation for stars with ages
> 10 Myr. Several simulations were undertaken with
this choice, with the effect being to attenuate most of
the light from young stars throughout the simulation,
including A stars. Although this choice is unlikely to be
justified during the relatively quiescent K+A phase of
galaxies, this difference represents a significant modeling
uncertainty.

These alternative choices may be appropriate for ex-
treme environments. However, the duration of the K+A
phase is commonly of order 100 Myr or more, signifi-
cantly longer than the duration of the peak of the star-
burst where the modeling of dust attenutation is most
uncertain. Thus, while our subresolution models are im-
perfect at following the ISM during these extreme condi-
tions and should be treated as significant uncertainties,
this minimal overlap cannot change general conclusions
made about the poststarburst properties of these simu-
lations. However, they may affect inferences made about
specific times during the merger (e.g. the peak of the
starburst or AGN activity), so more detailed compar-
isons may further constrain the sub-grid models. For
example, the K+A pair fraction may rely on a combina-
tion of fppr and progenitor bulge properties (see §3.2)),
or the dynamics of K4+A galaxies may depend on the
feedback physics during the final merger coalescence.

Another important component to the model is the
assumed ISM pressure support. Here, we follow
(among others) |Cox (2004), [Springel et all (2005h),
Robertson et all (2004, [2006), and [Hopkins & Quataert
(2010) to apply an equation of state leading to a rel-
atively stable ISM suggestive of local disk galaxies.
We do not vary this model here, but recent stud-
ies have relaxed this assumption in order to simu-
late the clumpy, turbulent ISM observed in disk galax-
ies at high redshift (e.g. [Elmegreen et all [2007). The
reader is encouraged to see Bournaud et all (2010) and
Teyssier, Chapon, & Bournaud (2010) (and references
therein) for results on how this can affect the evolution of
the ISM in simulations of turbulent gas-rich disk galaxies
and mergers.

Although we are unable to fully model the clumpy
structure of the ISM, the above model variants serve to
bracket the plausible extremes of attenuation. The de-
fault set described in §2.2] and used throughout the rest
of this paper is observationally well-motivated, but it is
useful to consider the effects of these different extreme
assumptions. In summary, if we assume a maximal frac-
tion by which young stars are attenuated by dust in their
birth clouds (fppr = 1), galaxies with a high star for-
mation rate more commonly satisfy the K+A criterion.
If instead we assume that all of the dust is distributed
more diffusely throughout the ISM (“multi-phase OFF”),
then there exists enough dust in our merger remnants to
mostly obscure the A stars near the center of the rem-
nant for a large fraction of their lifetimes. While we do
not have a single precise appropriate description of the
ISM structure, such false-K+As (Brown et all 2009) or
dust-obscured quiescent galaxies are observationally ex-
tremely rare at best, so we are assured that our choices
are reasonable for the K+ A phase of galaxies and should

serve to encompass their real behavior.

In addition to the modeling parameter choices, we must
also choose at what level to resolve the underlying SPH
and radiative transfer simulations. |Cox et all (2006b)
studied this for a suite of merger simulations that were
identical in spatial resolution and equal to or worse in
mass resolution than those considered here, but with a
slightly different feedback model. They showed that the
star formation histories of the GADGET merger simula-
tions are the same to within 5% when the particle number
is increased by factors of 2, 4, and 10. This indicates that
our SPH particle number is sufficient to resolve the star
formation history of the mergers. Small differences in the
simulated spectra are expected when varying the spatial
resolution, because the star formation law we apply de-
pends super-linearly on the gas density, and because the
exact distribution of stars and gas will vary with resolu-
tion. However, the integrated quantities that will most
directly affect the K+ A features are typically unchanged
at the same level as above.

The convergence properties of the SUNRISE radiative
transfer approach were demonstrated for the integrated
SEDs of isolated galaxies in J10. In the present work, we
use similar grid refinement parameters, such as 7o = 1,
and a fiducial resolution setting that leads to ~ 500k grid
cells for simulations in which the gas fractions are less
than or similar to, for example, the Sbc simulation from
J10. During the parts of the merger that K4+As could
exist in the simulations with our choice of fppg, gas frac-
tions are only a few percent or less and star formation
rates are at most a few Moyr—!. In these cases, diffuse
dust attenuation is negligible and the uncertainty in the
output spectrum arises principally from the underlying
stellar population methods and not the radiative transfer
procedures. To verify similar convergence for our pipeline
to produce the post-merger fiber spectra, we re-ran a sim-
ulation commonly presented in this work (40% initial gas,
10 M baryonic mass, 1-1 merger) with different reso-
lution settings, giving ~ 250k and 2M grid cells for the
same simulation snapshot quoted above. For these three
cases, in Figure Bl we plot the viewing-angle averaged
post-merger evolution of the mean EW of the Balmer
absorption lines HB, H~, and Hé, which we will use for
K+A selection. The absolute difference in this quantity
at our times of interest for K+A selection is less than
12% between the low resolution and our fiducial setting,
and less than 2.5% between our fiducial and the high
resolution setting. The K+A lifetime we calculate in all
three cases is the same to within 0.5%.

In addition, the K+ A selection criteria among differ-
ent observations are not identical, and the method we
employ here (§3.3)) is not a perfect match to any one
observational scheme. Unlike many approaches, we do
not fit stellar templates to our spectra, and owing to our
spectral resolution limitations, we do not attempt to dis-
entangle the absorption component of the Balmer lines
from the emission component. Thus our EW measure-
ments can be thought of as essentially the sum of the
(signed) emission line flux with the absorption line flux,
and differ in this fundamental way from those of, for ex-
ample, [Zabludoff et all (1996), when emission is present.
When the remnant becomes absorption dominated, as
for poststarburst galaxies, our models capture the line
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Figure 2. Here we demonstrate the relative invariance of our
lifetime calculations to the resolution of the radiative transfer grid.
We show the same simulation used for row a) of Figure[and row b)
of Figure[Blusing three different grid refinement settings. The black
curve is the setting used throughout the rest of this paper, and
we find that quadrupling the number of cells for a representative
snapshot does not dramatically alter the line strength evolution
during our times of interest; the gray box is where our fiducial cut
might select this simulation as a poststarburst galaxy. The K+A
lifetimes are the same to within a few percent (when all other
parameters are fixed). Note that our definition of equivalent width
has absorption as negative values.

evolution faithfully. Future enhancements to our input
spectral models will be used to improve upon these mea-
surements.

Another future improvement will be to include in the
merger models a realistic treatment of gas recycling dur-
ing stellar evolution. In the simulations presented here, a
fixed fraction of gas (0.1, representing ejecta from Type
IT supernova) is returned instantaneously to the ISM as
part of the stochastic mechanism used to form stars.
However, the complexity and short timescales of gas in-
fall in a merger imply that the evolution of star formation
during and immediately after coalescence will be sensi-
tive to the amount, rate, and temperature of gas returned
to the ISM from stars formed during the burst. More-
over, a significant fraction of stellar mass is returned the
ISM on long timescales via stellar winds, further motivat-
ing the use of accurate gas-recycling methods in studying
merger remnants such as K+A galaxies.

3. INITIAL STUDIES

In this section we apply the above method to a vari-
ety of galaxy merger simulations to study their general
properties. Our systematic study of merger parameters
follows in 4l

In §3.0] and §3.3] we describe the basic output of our
pipeline: the spectral line evolution of each simulation
and the “K+A lifetime”. We point out in §3.2] that stel-
lar bulges stabilize some merging galaxies against K+A
creation after their first passage. In §3.41 §3.5 and §3.0G]
we employ SUNRISE to study in detail the effects of view-
ing angle, dust, and aperture size on K+A selection for
several simulations. The influence of AGN feedback is
discussed briefly in §3.71

Note that in what follows, we take the convention that
equivalent widths in absorption are negative.

3.1. K+A Light Curves

The fundamental output of our procedure in §2lis a
catalog of line strengths at all times during a simula-

tion. We keep catalogs for 7 viewing angles and for our 4
spectrum models as described in §2.31 An illustration of
this output is shown in Figure Bl where we compare the
evolution of these line strengths to the global star for-
mation history in the GADGET simulation. We plot the
data for a single camera angle and our default Spectrum
A. In general, the star formation histories of our merger
simulations range between those that look like row (a)
and those that look like row (b). The only difference be-
tween these two simulations is the relative orientation of
the merging disks at the start of the simulation. Thus, as
we vary all merger parameters, we expect to see a wide
variety in the strength and duration of the K+A spectral
features.

This forms a key result that we will focus on in §t a
merger between a given pair of progenitor disks produces
a “maximal” K+A galaxy only a fraction of the time,
because the K+A features require a particular strength
and shape to the star formation history.

For mergers that do not drive a substantial starburst,
for example row (a) of Figure Bl obvious star formation
continues well after the nuclei merge. In the spectra we
measure, the [O II] emission line strength does not drop
to zero even after ~ Gyr (and cosmological accretion may
drive star formation at near-constant levels), and our av-
erage of the three Balmer lines (8, v, §), (H), does not
exceed 3A in absorption. For mergers that drive a mas-
sive burst, e.g. row (b), the gas is efficiently funneled
to the center, where it is either consumed into stars or
thrown out by violent feedback. This sequence of events
leads to a rapid decline in the [O II] and Balmer emis-
sion line strength, with a nearly simultaneous increase in
the strength of the Balmer absorption features as the A
stars become the luminosity-weighted dominant stellar
component.

For comparison, in row (c), we artificially truncate
an isolated star-forming disk (the same disks merged
in the first two rows). As has been pointed out by
other authors (e.g. [Poggianti et al|[1999, and references
therein), this demonstrates that a K+A galaxy as we
have defined it is not necessarily a post-starburst sys-
tem, but can instead be formed by rapidly shutting off
the star formation starting from a specific star forma-
tion rate of ~ 107 1%~ (a few Mgyr—! for the galaxy
we tested). Other metrics, such as colors, have been
used to distinguish the two scenarios (Couch & Sharples
1987), but we do not consider photometry in this work.
The reader is encouraged to see Wuyts et all (2009a),
Scannapieco et all (2010), and J10 for detailed discus-
sions of common observables measured from merger sim-
ulations using SUNRISE.

3.2. Stellar Bulges

An unexpected property of these line catalogs is the
strong effect produced by a stellar bulge. We naively
expected that a simulation leading to a major starburst
might pass through a single (or no) K+A phase. How-
ever, our simulations of mergers between disks with no
stellar bulge component experience two significant phases
of enhanced Balmer absorption strength along with re-
duced emission lines. The first occurs immediately after
the first close passage of the two progenitors, and the
second occurs where we expected it: after the two nuclei
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Figure 3. A summary of different outcomes. Left: The evolution of the K4+A parameters as a function of time for three representative
simulations. The dashed curve corresponds to the [O II] equivalent width measurement, and the solid curve indicates the <H> measurement,
the average of the Balmer lines. Emission is positive in these figures. The gray box is where our fiducial cut (—5.5A) selects these simulations
as poststarburst galaxies. Right: The global star formation rate as a function of time corresponding to the lightcurves in the left column.
Row (a) A merger that does not induce a major starburst/shutoff scenario. Row (b) A powerful merger-induced starburst leading to
exhaustion of the gas supply. Row (c) An isolated disk with fyuige = 0.25, fgas = 0.4, Mpgryons = 5 X 10'° Mg, for which we have
artificially shut off its star formation at ¢ = 0. Scenarios (b) and (c) evolve through a K+A phase.

merge and produce a starburst.

Mihos & Hernquistl (1994b, [1996) described the effect
of a stellar bulge stabilizing the center of a gaseous disk
against infall induced during close passages. Since our
default measurement mode is to observe the central few
kpc of the brightest galaxy in the image, we are particu-
larly sensitive to differences in the star formation history
of the central regions of our interacting galaxies. With-
out a bulge, a close passage of a gas disk to a major com-
panion is enough to incite a transient bar and subsequent
burst-quench cycle in its center, even though the galaxy
continues to form stars at > 3Moyr~!. The bulge sup-
presses these perturbations and preserves more gas for
star formation prior to the final burst. The torques ex-
perienced during the final coalescence of a major merger

are sufficient to destroy the disk regardless of the bulge.

This effect is shown in Figure [4] where we merge two
identical galaxies that have a moderate stellar bulge. In
this case, we preserve the total mass (dark matter plus
baryons), but add a stellar bulge equal to 25% of the
resulting baryon mass. The dynamics of the two scenar-
ios (different only in the presence of the bulge compo-
nent) are similar enough that the nuclear gas infall and
starburst at the final merger lead to very similar K+A
lightcurves after coalescence. Thus, the K+A history of
a merger between two disks with significant bulges can
be approximated by ignoring the pre-merger lightcurves
of a simulation between two bulgeless disks. This is true
in all cases where we have mergers both with and with-
out bulges (about 10% of our sample), and we will make
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use of this result for the sake of efficiency. We note that
without bulges, the burst induced by this first passage is
highly dependent on the choice of initial disk orientation
(see .
Although K+A galaxies have a slightly higher proba-
bility of having a visible companion galaxy (~ 10% vs.
5% for non-K—+A field galaxies; [Yamauchi et all [2008)
than ordinary field galaxies, these bulgeless simulations
suggest that if all merger progenitors lack a dynamically
important stellar bulge, then the companion fraction for
K+As should be of order 20-50%. However, a fraction
this high is not observed, consistent with the fact that
spiral galaxies in the nearby Universe typically contain a
bulge.

This companion fraction may increase at earlier times,
where potential progenitors may have smaller bulge frac-
tions. In addition, this prevalence of a K+4+A phase
for our late-type mergers between first passage and co-
alescence supports the assertion that some poststar-
burst+companion systems are dynamically interacting
and not all such systems are a superposition of an in-
terloper with a merger remnant.

3.3. Selection Criteria and K+A Lifetimes

In this paper we adopt K+A selection criteria in the
[O I1] - (H) plane, where (H) is defined as the mean
equivalent width of H3, H~, and Hé. This is similar to
the cuts used in, for example, Zabludoff et al) (1996). We
parametrize our K+ A lightcurves by the amount of time
that we see a given simulation satisfying a particular set
of selection cuts. For the K+A lifetimes presented in §3.41
and beyond, we require Wory < 2.0A in emission, and

W_ps < zA in absorption, where z is an independent
variable. In what follows we use —7.5 < x < —3.5, where
negative values signify absorption. We will refer often to
our fiducial cut, where we set © = —5.5.

3.4. Viewing Angle

A feature of the SUNRISE method that we employ is
the ability to vary the viewing angle of our mock ob-
servations. Any one of our simulations may correspond
to different observed galaxies owing to differing three-
dimensional spatial distributions of dust, stellar popula-
tions, and AGN relative to the viewing angle.

The placement of our fiber depends solely on the op-
tical flux, so changes in the dust distribution among dif-
fering lines of sight will shift the peak of this flux around
the image as we vary the viewing angle. Thus the stel-
lar populations intersected by the aperture vary, and the
extent to which we see the galaxy as characteristic of a
post-starburst will differ. In addition, when more gas
is present, star formation may continue at higher levels
in various parts of the merger remnant. By looking at
images of the merging galaxies, it is clear that in some
cases, our aperture intersects the outer regions (for ex-
ample, a star-forming spiral arm) of one progenitor in
front of or behind the center of the one on which we in-
tended to put down the fiber. In other cases, the final
burst simply does not exhaust the gas supply sufficiently
rapidly, so star forming clumps continue to rain into the
center well after the peak of the burst.

In the first column of Figure B, we quantify this effect
on the K+A lifetimes for two representative simulations,

as well as our artificially truncated disk for comparison,
as viewed through a typical aperture (our default Spec-
trum A). Recall that the different spectra A, B, C, and
D are listed in Section and are calculated simulta-
neously for every simulation. The uncertainty owing to
viewing angle correlates most tightly to the gas mass
of the disk. For our major mergers most typical of lo-
cal spirals (initial fgqs < 40%, or at the time of merger

< 15%), the dispersion owing to angle is of order 108
years or less. However, when the initial gas fraction is
increased to 80%, this dispersion becomes of order 10°
years. In Section 4 and beyond, we will demonstrate this
effect for a wider sample of mergers by plotting this as a
measurement uncertainty.

We also consider the isolated disk with its star forma-
tion artificially cut off to zero when SFR ~ 6Mgoyr—1:
row (c) of Figure In this case, the post-starburst
component of the galaxy is strongly obscured when look-
ing along the plane of the galaxy, yet easily viewable
from higher angles. Here, dust obscuration prevents the
younger A star population from dominating the spec-
trum.

In the second column of Figure B, we include all the
light from the system (Spectrum C) to demonstrate that
the magnitude of this dispersion owing to dust obscura-
tion is strongly dependent on aperture size. This empha-
sizes the fact that the dust in these remnants is centrally
concentrated owing to the global gas infall experienced
during the interaction. We describe the effect of dust in
more detail in §3.5] and further discuss discuss aperture
bias in several simulations in §3.6

We conclude that when considering merger remnants
with small amounts of residual gas, viewing angle effects
will not introduce significant errors to the inferred stellar
populations. However, care must be taken when making
conclusions about systems that potentially retain a sig-
nificant gas reservoir.

3.5. The Effects of Dust Attenuation

Here we briefly summarize the effect of dust attenua-
tion on our K+A selection within the framework of our
chosen subresolution models. See §2.2] and §2.7] for a
more thorough discussion of the underlying ISM model-
ing and the treatment of dust in dense regions. Given
that we track four separate spectra in each of our sim-
ulations (§23)) in which we vary both the aperture size
and presence of dust in the diffuse ISM, it is possible to
make approximate conclusions regarding the impact and
distribution of dust.

First off, note that dust influences most aspects of this
study. When significant gas and dust is present, dust
along a particular line of sight strongly affects the visible
K+A lifetime. The pre-coalescence binary K+A phase
(§3.2) occurs in systems where a gas disk is still intact, so
the presence of such a phase is viewer-dependent, and the
viewing angle dependence of §3.4ldepends strongly on the
gas (hence dust) content and central location. The visi-
bility and slope of 2-D profiles in the stellar populations
@8) will depend on the dust content and distribution.
We argue in §3.7] that any poststarburst dependence on
AGN feedback owes primarily to expulsion of the gas and
dust from the central few kpc.

To see this more explicitly, we plot in the rightmost
column of Figure [ the same simulations described in
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Figure 4. Demonstration of the effect of bulges on K+A dynamics. Left: The evolution of the K4+A parameters as a function of time
for two merger simulations identical except for the presence of a stellar bulge. The gray box is where our fiducial cut might select these
simulations as poststarburst galaxies. The simulation was chosen to be of the “strong burst” type as shown in Figure 3] and we use our
default Spectrum A as described in the text. Right: The global star formation rate as a function of time corresponding to the lightcurves
in the left column. Top: fyuige = 0.0. Bottom: fyyige = 0.25. The bulgeless merger is a K+A galaxy for more than twice as long as the
merger with bulges, inducing a “binary K4A” phase after first passage, at t — timerger = —0.7 Gyr. Despite the global star formation rate
being ~ 6Mgyr~—! during this period, the nuclei of the galaxies experience an inflow/burst/quench cycle that happens to dominate the
spectrograph aperture. When bulges are present, this inflow is suppressed, yet the final starburst and K+A phase are roughly identical;
see [Mihos & Hernquist (19940, [1996) for a discussion of this phenomenon. In our simulations, this behavior of a bulge suppressing the
first-passage K+A phase while leaving the post-coalescence phase intact is representative of all mergers that experience a significant burst

owing to the first passage of the two disks.

the previous section, except we now ignore attenuation
by diffuse dust along each line of sight (Spectrum B). For
simplicity, we focus on this single set of simulations, but
the same effect exists (though not shown in this work) for
all studies of g4l In case (a) of Figure[d the merger with
a high starting gas fraction of 0.8, the K+ A lifetimes are
in general a few tens of percent longer for each viewing
angle when diffuse dust is included (first column) versus
ignored (third column). In these cases dust serves to ob-
scure [O II]-emitting star forming regions that otherwise
disqualify the system as a poststarburst, extending the
K+A lifetimes. In addition, we confirm that dust is re-
sponsible for the very large line of sight scatter in K+A
lifetime seen in Spectrum A for this case. Note that the
two separate groups in Spectrum B result from a partic-
ular feature in this merger: the true instrinsic scatters of
each group are also much smaller than the first column.

However, in case (b) where the gas fraction begins at
0.4, the post-burst phases do not coexist with massive
star-forming clumps, so the K+A phase cannot be dra-
matically extended by dust obscuration of these regions
as in case (a). Essentially, the [O II] cut is satisfied with
or without the presence of dust. Instead, the primary ob-
servable effect is that the diffuse dust obscures the A star
population after the final burst and shrinks the K+ A life-
times by up to 10% for each line of sight. Note that this

effect may also be present in case (a), but is overwhelmed
by the effect of star-forming clumps intersecting the aper-
ture. These tests illustrate that the magnitude and na-
ture of the effect of dust in the diffuse ISM on K+A
selection depends in detail on the three-dimensional dis-
tribution of the gas and dust with respect to the A star
population and star-forming regions.

3.6. Radial Profiles and Aperture Bias

In §3.4] we showed that K+A lifetimes are shorter
when a larger extent of the galaxy is subtended by the
aperture, because the fraction of the luminosity falling on
the aperture owing to A stars, which are more centrally
concentrated than the older stars, is reduced. Thus, gen-
erally speaking, all of our simulations are consistent with
K+As being the result of a starburst concentrated in the
central few kpc.

In the top panel of Figure [6l we demonstrate this ef-
fect in more detail than is possible with the four types
of spectra we will discuss in Section @l We compute the
spectrum for a wide range of spectrograph fiber aper-
tures, and show the spatial variation in the poststarburst
spectrum. The first (top panel) mimics the effect either
of using instruments with differing fiber sizes or using
the same fiber at a different distance. The second (bot-
tom panel) mimics the data from multiple pixels available
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Demonstration of the effect of viewing angle and dust attenutation on K+4A selection, emphasizing the fact that the dust in

these remnants is centrally concentrated. We measure the length of time we view a simulation as a K4+A galaxy using our default selection
cuts. Each color represents a single viewing angle that is constant across the panels. Left: Our default Spectrum A - measurements made
from a spectrum falling within a 3 arcsecond fiber at z = 0.1. Middle: Our Spectrum C - measurements made with the integrated light of
the entire system viewed from different angles. Right: Our Spectrum B - measurements made ignoring the effect of attenuation by dust in
the diffuse ISM. Each row shows one simulation: (a) gas-rich major merger leading to a strong starburst; (b) identical to (a), except with
half the initial gas content; (c) our isolated disk with artificially truncated star formation (the same simulation as row (c) in Figure [3)).
Thus we can measure the dispersion in K+A incidence with viewing angle for each of our simulations: we keep track of this scatter in
Figures BIIT] by plotting its average magnitude as error bars along the top of each panel.

from integral field observations. The radial dependence
of the Balmer absorption is not flat in any of the simu-
lations presented here.

The curves in the top panel suggest that with a fixed
spectrograph aperture, a K4+A selection cut applied at
z < 0.1 will identify a somewhat different class of ob-
ject than when it is applied at z = 0.5 or higher. The
difference in H§ EW between z = 0.1 and 0.5 is ~ 1A
when measuring a strong-burst merger remnant with the
SDSS fiber. For the merger simulations (neglecting pos-
sibly highly obscured contaminants), a constant EW cri-
terion will typically select a more extreme population at
higher redshifts. The effect is opposite for the artificially
quenched disk, where an old stellar bulge dominates the

spectrum in the very center.

In the bottom panel of Figure [, we demonstrate the
ability of SUNRISE to study the galaxy spectra in a spa-
tially resolved way. We plot the spectra of seven 2
kpc-sized pixels along a line near the nucleus of one of
our poststarburst galaxies (the one from the solid curve,
above). This simulation snapshot is one of our “strong
burst” mergers and clearly shows a decline in H§ absorp-
tion as we look farther away from the center.

The gradient is steepest in the central few kpc for
this simulated K4+A galaxy and many of the ones pre-
sented in this paper. Several observational studies (e.g.
Goto et all 2008; |[Pracy et all [2009) have used integral
field unit (IFU) spectroscopy to study the radial profiles
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Figure 6. Top: The H§ equivalent width of single galaxies mea-
sured through different spectrograph apertures. Here we show mea-
surements of two major gas-rich merger remnants (solid and dotted
curves), as well as an artificially quenched stable star-forming disk
with fyuige = 0.25 (dashed curve). Each curve is calculated at a
single time in the simulation by measuring the equivalent width
of the line using a range of physical aperture sizes (listed in the
lower z-axis), and averaging over the viewing angles that give a
K+4+A spectrum. The upper z-axis, the galaxy’s “corresponding
redshift”, is found by fixing the angular radius of the aperture to
1.5 arcseconds (corresponding to the SDSS fiber), and then com-
puting the redshift for which this angle subtends the physical radius
given by the lower z-axis. We note that the two merger remnants
have similar trends with aperture size (signal weakens with larger
diameter), while the truncated disk has the opposite trend at small
radii. Bottom: We demonstrate the ability of SUNRISE to make in-
tegral field spectroscopy maps by plotting the spectrum from seven
adjacent pixels in a line near the nucleus of the simulation studied
with the solid black curve in the top panel. We can clearly see
the strength of the Balmer absorption lines decreasing and older
populations becoming dominant as we move away from the center.

of the Hy absorption line, with mixed conclusions re-
garding the presence of a gradient. While we have only
studied several simulations in this way, our sample is con-
sistent with a clear increase in Balmer absorption EW
towards the center of the remnant. By studying a large
number of such simulations, it is possible to estimate
what the distribution of gradients is expected to be, and
compare in detail with these sophisticated observations,
but we leave this endeavor for a future paper.

3.7. AGN Feedback

Several studies, such as [Wild et all (2009) and
Brown et all (2009), have explored the connection be-
tween poststarburst galaxies and quasar activity. While
it is thought that AGN-induced outflows carry relatively
little gas mass, it is not clear what the effect of this en-
ergy deposition will be on the remaining cold gas and
subsequent star formation. Obviously, we have chosen
a specific model to approximate these processes, but we

can test whether or not it predicts a difference in K+A
lifetime from AGN-induced star formation quenching.

Here we briefly demonstrate that in certain cases, the
K+A feature depends weakly on the presence or ab-
sence of AGN accretion and feedback. In the example
we simulate here, the AGN feedback is responsible for
dispersing the remaining gas from the central few kpc,
reducing the optical depth to the young A star popu-
lation, thus strengthening the Balmer absorption in the
resulting spectrum. Dust-removal is the dominant effect:
the burst shutdown rate and total mass are not changed
enough to affect the K4 A lines. This result is consistent
with [Wild et all (2009) that at least for mergers repre-
sentative of the low-redshift Universe, the K+A feature
is not dramatically affected by AGN feedback.

We repeat one of our commonly-used one-to-one
merger simulations with AGN accretion turned off. This
merger has 40% initial gas fraction, 25% bulge fraction,
stellar mass of ~ 4 x 10'°M, and is run on the “e”
orbit (see below). In Figure [l we plot the evolution
of the Balmer equivalent width as a function of time
through the merger, where the black solid line is our
default setting, with AGN accretion turned on, and the
black dashed line is with AGN accretion turned off com-
pletely. We show a single viewing angle that is identi-
cal in all cases and plot the global star formation rates
for comparison. In the first panel, in which we include
the obscuration from diffuse dust, we notice a small
(~ 1A) difference between the cases with and without
AGN feedback, where the merger with feedback expe-
riences stronger Balmer absorption lines. This suggests
that AGN feedback may be contributing substantially to
the star formation quenching.

However, in the second panel of the figure, we see that
the unobscured stellar populations with or without AGN
are nearly indistinguishable after the starburst. Thus,
the slight difference in SFR between the two cases (third
panel) is not, by itself, dramatic enough to influence the
K+A phase. Instead of directly shutting down the star
formation, the AGN feedback serves to remove obscuring
dust from near the young stellar population, enhancing
the Balmer absorption features. We note that this is only
a single viewing angle of a single merger, so further study
is needed in order to determine whether this effect has re-
liable observational consequences. In addition, we leave
a systematic study of residual X-ray or LINER emission
in simulated K+A galaxies to future work.

4. SYSTEMATIC STUDY OF MERGER PARAMETERS

In the previous section, we analyzed a number of ef-
fects that are relevant for understanding the basic out-
put of our radiative transfer simulations. In particular,
we quantified the effect of stellar bulges, viewing angle,
aperture bias, and AGN feedback. For our fixed choice of
physical models, which we argued in §2.5are appropriate
for typical local mergers, these effects are dominated by
the physical variation in K+A lifetime arising from the
variety of late-stage SFHs produced by merging a given
pair of disks.

In this section, we quantify this variation as a function
of four parameters that define the initial physical setup
of the mergers. The four parameters we vary are: (a)
relative orientation of the disks: all else equal, this pa-
rameter determines how effectively the merger will drive
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Here we demonstrate the effect of AGN feedback on the evolution of the Balmer absorption equivalent width. The solid

line represents our default simulation (same as in Figures @ and [B] 40% initial gas fraction, 25% initial bulge fraction, Milky Way- mass,
one-to-one merger) with AGN accretion turned ON. The dashed curve is an identical simulation with AGN accretion turned OFF. We find
that the presence of AGN accretion makes almost no difference to the evolution of the post-merger spectrum when obscuration by diffuse
dust is not considered (middle panel). However, with a realistic treatment of the surviving dust content (left panel), we see that the case
with AGN accretion experiences a longer K+A phase with stronger Balmer absorption than the one without this accretion. We interpret
this as AGN feedback dispersing the surviving gas and dust, reducing the optical depth to the young stellar population in the nucleus. In
the right panel we plot the global star formation histories of the merger.

gas to the center of the remnant; (b) total mass of the
progenitor galaxies; (c) gas fraction at the start of the
merger; and (d) the mass ratio between the progenitor
galaxies. A note about gas fractions: real galaxies will ac-
crete matter from the IGM and replenish gas formed into
stars, a process we do not include. Therefore, our initial
gas fractions must be set higher than observed gas frac-
tions for typical local galaxies. The quantity that should
be compared to observed gas fractions is the gas fraction
at the time of merger; this ranges between 0-30% for the
mergers we consider, consistent with starburst galaxies
in the local Universe.

We point out that we have fixed the orbital parameters
of the merger such that the progenitors follow a roughly
parabolic orbit with a first pericentric passage at ~ 7
kpc. Changes to this orbit will likely lead to differing
K+A lifetimes and line strengths, but for simplicity we
limit our study to this initial condition.

We will assume for the purposes of forming the K+A
signatures that the progenitor galaxies have a stellar
bulge component that inhibits gas infall owing to a close
passage, and consider only the times after final coales-
cence. From [Yamauchi et all (2008) we have seen that
this correction can be as high as 5-10%, but it is within
the uncertainties of the merger rates we will be using to
estimate the K+A population. The early-type spiral ap-
proximation is reasonable for the majority of mergers in
the local Universe, but is likely not correct for mergers
at high redshift or specific systems that happen to have
low bulge fraction at present times.

We present the full data from varying the merger pa-
rameters separately in the four Figures BHIIl In each
case, we vary a single one of our four parameters while the
other three parameters are held fixed. When a parameter
is held fixed, we use the following values: (a) orientation
“e” leading to a strong burst; (b) Mparyons = 4x 1010 M;
(€) feas0 = 0.4; and (d) equal mass mergers. We sum-
marize these trends and provide fitting functions in Sec-
tion[Bl For clarity, we focus only on our default spectrum
model (Spectrum A).

As we have seen, the intrinsic scatter owing to viewing
angle may be large: we plot the standard deviation of

K+A lifetime owing to viewing angle, averaged over all
simulations, as a function of (H) at the top of each figure,
and find that it can be as high as 100 Myr. This scatter
is a complicated function of both the selection cut and
merger scenario. For mergers that produce shorter-lived
K+As (£ 0.3 Gyr), the scatter is roughly a constant frac-
tion of the K+A lifetime, and this can be understood
as the effect of dust attenuating the lines by a multi-
plicative factor. The scatter for these short-lived K+A
galaxies tends to be larger than for the long-lived ones
because the magnitude of the viewing-angle scatter is di-
rectly related to the amount of gas (dust) in the system
(Figure [B)), and for cases considered here, mergers that
are efficient at consuming gas tend to make longer-lived
K+As. We point out that on average, the viewing-angle
scatter is relatively low (less than ~0.05 Gyr in all cases)
when considering galaxies selected by our fiducial cut of
(H) < —5.5.

4.1. Disk Orientation

We assume that the relative orientation of disk galax-
ies in the Universe on large scales is essentially a random
variable, as is the viewing angle for which we observe
any given galaxy: the merger rates are not fundamen-
tally different for any subset of these tests, and so our
simulations here characterize the scatter in K+A lifetime
for a given merger event. However, the merger rate does
depend on total mass, mass ratio, and gas fraction (pa-
rameters b-c), so ultimately we will use the results from
the orientation study to constrain the mean K+A inci-
dence for the remaining parameters.

As shown in Figure[8] mergers between otherwise iden-
tical disks can produce a very wide range of K+A life-
times, with a spread of over 500 Myr at our fiducial
Balmer cut. These are the simulations in which we vary
only the relative orientation of the progenitor spin vec-
tors. These orientations are labeled as letters b-p at the
top of Figure B and the exact parameters can be found
in Table 1 from |Cox et all (2006a). Orientations b-h
are commonly found in the literature and include spe-
cial ones like the “prograde-prograde” h merger, while
orientations i-p are from Barnes (1992) and chosen so
to be unbiased initial conditions. These vectors are ex-
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Figure 8. We plot K+A lifetime measurements using Spectrum A
(the default) as described in the text, demonstrating the dramatic
effect that different orbital configurations have on the duration of
the ensuing K+ A phase. Here we vary the initial disk orientation of
the galaxies, while keeping fixed the mass of the progenitor galaxies
(Mparyons =4 % 10'° M), the gas fraction (fgas,0 = 0.4), and the
mass ratio (1-1 mergers). We assume that all progenitor galaxies
for major mergers have bulges that inhibit the binary K+A phase
prior to final coalescence. Relaxing this assumption would lead to
a set of simulations with an even larger spread in K+A lifetimes
owing to the orbit-dependent nature of the burst after first passage.
The bars along the top represent the standard deviation in K+A
lifetime (total length = 20) owing to viewing angle, averaged over
this set of simulations, as shown by Figure[5lfor single cases. Note:
these bars do not represent the scatter between the curves plotted
here.
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Figure 9. Similar to Figure Bl except we now fix the orientation
(e) and initial gas fraction, but vary the total mass of the merging
galaxies. The bars along the top represent the standard deviation
in K+A lifetime (total length = 20) owing to viewing angle, aver-
aged over this set of simulations, as shown by Figure [l for single
cases. Note: these bars do not represent the scatter between the
curves plotted here.
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Figure 10. Similar to Figure 8] except we now fix the orientation
(e for all and k for one case) and total mass, but vary the initial
gas fractions of the progenitors. The bars along the top represent
the standard deviation in K+A lifetime (total length = 20) owing
to viewing angle, averaged over this set of simulations, as shown
by Figure [F] for single cases. Note: these bars do not represent the
scatter between the curves plotted here. The fgqs = 0.05 lifetime
curve is zero for all values of (H) shown here.

pected to be broadly sampled by real galaxies, and we
see from the spread in the figure that both of these orbit
subsets span nearly the full range of K+A lifetimes. We
conclude that a given otherwise identical pair of gas-rich
progenitors can merge to produce a wide variety of K+A
lifetimes.

In fact, the mean K+A lifetime inferred by this study
is = 0.2£0.05 Gyr, roughly a factor of 5 smaller than the
1 Gyr typical of canonical estimates! For mergers of the
disks presented in Figure B our fiducial cuts find K+A
lifetimes longer than 0.3 Gyr only about 50% of the time.

In general, the long-lived K+As are ones in which
a rapid, strong burst occurred, consuming much of its
gas and producing an A-star dominated spectrum. The
short-lived K+As experienced a relatively less violent
burst, preserving more gas throughout the merger and
creating a weaker signature in the remnant stellar popu-
lation. The dust column will be higher in these galaxies
and will tend to more strongly obscure the K+A signal.
This gives a shortened observed lifetime and contributes
to the separation between classes suggested by Figure [8h.
This can also be seen by comparing Figure [Tk to IIb.

4.2. Progenitor Mass

To isolate the mass dependence, five simulations were
run with a single disk orientation (the “e” orbit in Fig-
ure [§), and with a single initial gas fraction (0.4), but
with a total mass spanning a factor of ~ 100. One
complication is that in real galaxies, properties such as
the mass, gas fraction, and bulge fraction are corre-
lated. However, including all the relevant coupling ac-
tually makes the results of such a study harder to inter-
pret. By isolating these dependencies systematically in
this ‘one at a time’ fashion, as we have done here, we
hope to gain some physical insight into the real behavior
of galaxies.

In the total baryon mass range 5 x 109 — 5 x 10'° Mg,
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Figure 11. Similar to Figure Bl except we now fix the orienta-
tion (e) and initial gas fraction, but vary the mass of one galaxy
to demonstrate the trend of decreasing K+A lifetime with in-
creasing merger mass ratio (§4.4)). Solid and dashed curves rep-
resent different initial disk orientations that lead to a strong-burst
merger when the masses are equal. Black - 1:1 merger, compan-
ion fgas,0 = 0.4. Blue - 3:1 merger, companion fgqs,0 = 0.4.
Green - 3:1 merger, companion fgqs,0 = 0.8. Red - 10:1 merger,
companion fgas,0 = 0.4. In each case the more massive galaxy

has a baryonic mass of 2 x 101 M. Here we give all the merging
galaxies bulges, so the tidal forcing owing to first passage is not
sufficient to incite a K+A phase in any of them. Thus for simplic-
ity we plot the entire evolution of the merger up to ~ 3 Gyr after
first pericenter, allowing us to measure the response to multiple
passages in the minor mergers. The bars along the top represent
the standard deviation in K+A lifetime (total length = 20) owing
to viewing angle, averaged over this set of simulations, as shown
by Figure [l for single cases. Note: these bars do not represent the
scatter between the curves plotted here.

the strength and duration of the post-merger K+A sig-
nature does not vary much (Figure[d), if anything declin-
ing slowly with larger mass. Above roughly 10! Mg, the
post-merger K+A lifetimes decline rapidly. This result
may seem counter-intuitive because we have fixed the gas
fraction and thus expect the burst fractions to be of the
same order or larger. However, the K4+A features are
sensitive not only to the total burst fraction, but also
the detailed shape of the burst star formation history.
The star formation histories of the most massive merg-
ers we simulate are in fact characterized by an extreme
burst that may be as large a fraction of total mass as the
low-mass cases.

However, this extreme burst occurs primarily in the
mode of a monotonic decrease of global star forma-
tion, leading to an efficient, rapid merger. The final
“starburst” in these cases is significant, but not distinct
enough to form a long-lived K+A galaxy. By contrast,
the less massive mergers experience a burst that better
resembles what we might expect for making K+A galax-
ies: an enhancement followed by a rapid decline in star
formation.

We note that the trend of K+ A lifetime at high masses
does not strongly affect predictions made about the pop-
ulations observed in large surveys, which will be domi-
nated by significantly more populous lower-mass galax-
ies.

4.3. Gas Fraction

The trend as a function of gas fraction is shown in
Figure At fgas,0 = 0.8, the mean K+A lifetime
as seen by our aperture is ~ 100 Myr shorter than for
fgas,0 = 0.4. However, here we do not simulate many
mergers with gas fractions as high as 0.8, so it is not
clear if this trend will actually turn over for the galaxy
population as a whole. We might expect this to happen,
as extremely gas-rich merger remants have been shown to
reform substantial disks in some cases (Robertson et al!
2006; Hopkins et all2009d), and our result is then consis-
tent with the picture that mergers with disky remnants
experience shorter and less-robust K+A phases. As we
showed in §34 a large range of K+A lifetimes will be
seen when the gas fraction is this high, with star forma-
tion often occurring at high levels after the merger, and
high dust column densities obscuring various parts of the
burst/post-burst stellar populations.

When the gas fraction is lower, we recover an expected
behavior. Since the gas reservoir at the time of merger
defines an upper limit to the burst mass fraction, for low
gas fractions at merger (< 0.1) the resulting starburst
will not contribute enough to the spectrum to look like
a strong K+A galaxy.

4.4. Merger Mass Ratio

Since equal-mass mergers are uncommon, we also con-
sider a number of unequal-mass scenarios. We define the
parameter p as the ratio of the baryon mass in the more
massive galaxy to the baryon mass in the less massive
galaxy. In Figure [l we plot the K+A lifetimes for a
variety of merger mass ratios. In addition, we consider
a second initial disk orientation in order to get a better
idea at how this changes the results.

The K+A lifetime falls off very quickly as we increase
w: on average, three-to-one mergers live as a strong K+A
(EW < —5.5A) for < 100 Myr and ten-to-one mergers
< 20 Myr (though note the high variance with viewing
angle). As with equal mass mergers, different orienta-
tions introduce a strong dispersion in K+A lifetimes.

Mergers with a high mass ratio tend to make weaker
starbursts (see Hernquist/[1989; [Hernquist & Mihog/1995;
Hopkins et all 2008d; (Cox et all 2008), owing to the
mass-dependence of the response to tidal forcing
(D’Onghia, E., et all 2010), and this is reflected in the
shorter mean K+A lifetimes for these scenarios. In ad-
dition, when a K+A signature is detected for a high-
mass-ratio merger, it is often from a single viewing angle
(out of seven), and for a single simulation snapshot at
a single crossing between the galaxies (out of several).
This leads to rather unpredictable behavior when the in-
teraction is weak, likely in part because the remnants
are more disky than the major merger counterparts and
hence the burst population experiences greater dust at-
tenuation from certain viewing angles. Moreover, our
method of placing the spectrograph fiber on the peak of
the surface brightness leads to noisy measurements as
the interactions proceed. The small bursts in these in-
teractions create stellar populations with complex three-
dimensional motions and luminosities that vary rapidly
with time.

5. SUMMARIES AND FITTING FORMULAE



18 G. Snyder et al.

We show a summary of the trends with the selective
parameters mass, gas fraction, and mass ratio, averaged
over viewing angle and disk orientation in Figure We
will focus on our fiducial K+A cut, which is shown as
the filled circles.

One conclusion to draw from this systematic study is
that mergers produce a wide variety of K+A behavior,
even when the gas content and structure of the progenitor
disks are not changed. The lifetime of this phase is not
limited to a fixed single value for all mergers of the same
two disks. In particular, only gas-rich major mergers
(Z 10% gas fraction at merger) of specific initial disk ori-

entations generate a strong K+A signature (2 5.5A EW
in Balmer absorption) for a substantial fraction of an A
star lifetime. We find that mergers reproduce canonical
estimates of K+A lifetimes of 1 Gyr (e.g. from SSPs)
only when the dynamics of the merger lead to a burst
that is in some sense “maximal” for producing the K+A
spectral features.

This means that the dispersion in K+A lifetime for a
merger, given its progenitors, is large (of order 100% in
Figure ). However, when comparing to a large popu-
lation of galaxies at a snapshot in time, we care mostly
about the estimate in the mean K+A lifetime for a given
pair of progenitors, which is known better by a factor of
3-5 because we can average over these 15 possible spin
orientations. In Figure [[2] a bar representing the lo
scatter owing to disk orientation is shown in the upper
left corner, and the corresponding (smaller) standard 1o
error in our estimate of the mean value is shown to the
right of it.

In detail, our study in §.1lfinds a mean K+A lifetime
that is roughly a factor of five lower than typical esti-
mates of 0.5-1.5 Gyr: here, T4 ~ 0.2+ 0.05 Gyr. In
the next section we show that this rarity of strong post-
starburst mergers is consistent to within a factor of a few
with nearby large-volume spectroscopic surveys.

For convenience, we provide example analytic approx-
imations to our general trends that are plotted as the
solid black curves in Figure

As a function of baryonic mass M above roughly
10°Mg, we find that the mean K+A lifetimes for our

fiducial selection cut (—5.5A) follow an exponential:

M aryon
TM(Mbaryon) =0.2 exp <_ bary ) Gyr. (3)

10T M g,

As a function of baryonic mass ratio p up to at least
1~ 10, they follow a power law:

T, (p) = 0.2 p= 2 Gyr. (4)

Most of the simulations we present here have
foas(tmerger) S 0.35, so our best-guess values are sig-
nificantly uncertain beyond this regime. In the figure,
we plot two options, one in which there is a turnover in
the trend of K+4A lifetimes with higher gas fractions, and
one where it is nearly flat at higher gas fractions. As a
function of gas fraction at the time of merger, the for-
mer, which provides a better fit to our simulations and
is plotted as a dotted line in the bottom right panel of

Figure M2 is approximated by a log-normal curve:

T (fgas) = 0.034log o N (lo, 0,) (5)

0.045 log () — lo)?
= ——exp (——( g10(20)2 0) )Gyr, (6)

x
where l[p = —0.5 and ¢ = 0.3. The latter option is plotted
as a dashed black line in the figure and is approximated

by
ST =005
Tt (fgas) = 0.55 lg—i—if Gyr. (7)
gas

We derived these trends from a suite of simulations
in which we vary only the parameter of interest in the
progenitor galaxies. As we mentioned in §4.9] the trend
with galaxy mass may be related to the fact that our
more massive mergers have differing gas fractions at the
time of merger coalescence. An added complication is
that in real galaxies, these two properties are correlated,
so we must be careful when combining these trends to
ensure that we aren’t mis-counting their effects. Thus,
an appropriate combination of these trends may be one
in which we take the gas fraction to be the driving pa-
rameter over the mass, e.g.:

N Ti(fya) To(i0)
T(fgas: 1) ~ 02 Gyr0'2 Gyr 0.2 Gyr’ (®)

In the next section, we use these trends to estimate the
K+A fraction given merger rates from an independent
source.

6. IMPLICATIONS FOR THE K+A FRACTION

Here we use our lifetime calculations to make a crude
estimate of the fraction of all galaxies that are seen as
merger-induced K4+As. To calculate this number, we
combine our estimated distribution of K+A lifetimes
with semi-empirical merger rates. Thus we must know
or estimate the following: (1) The K+A lifetime for ev-
ery pair of possible interacting galaxies above some mass
(flux) limit for a comparison sample, and (2) The merger
rate for any given pair of these galaxies at the redshift
of interest. Note that number 2 will change when the
prevalent progenitor galaxy properties do, but number 1
is fixed by our calculations for a given pair of galaxies.

6.1. Merger Rates

For item (2), the merger rates, we use the semi-
empirical models from [Hopkins et all (2010b)d). These
models calculate the merger rate per galaxy per Gyr by
applying empirical constraints to the halo occupation dis-
tribution (HOD) of possible merger progenitors.

We limit our analysis to merger remnants with
Mparyons > 10'° Mg and use the median rates quoted
in [Hopkins et all (2010b) for this mass range, because
the merger rates are significantly less certain for lower
masses and the nearby spectroscopic samples have mass
limits of this order.

A crude example of our calculation, undertaken in
more detail in what follows, is to multiply a character-
istic K4+A lifetime by the merger rate. In the previous
section, we found a rough mean lifetime of < 0.2 Gyr
for major mergers. The Hopkins et all (20101) models
indicate that the median major (u < 3) merger rate for
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Figure 12. Summary of K4+A lifetime trends with merger mass, gas fraction, and mass ratio. This strong dependence on progenitor
properties drives down the expected per-merger K+A duration, leading to better agreement between K+A abundances and independently-
inferred merger rates (Figure [[3]). All points are taken from the data in Figures [ [0 and [[d] and the distribution of lifetimes with disk
orientation from Figure[§l has been used to estimate the trends for the other disk pairs, assuming that the orientation is a uniform random
variable selected from the 15 considered in this work. The filled circles correspond to our fiducial K+A selection cut ((H) < —5.54), and
the curves, which are described in Section [B] represent analytic approximations to these points only. The scatter in lifetime for a specific
merger owing to different disk orientations is 2 100% (Figure [§]), completely dominating the scatter owing to other physical effects such as
aperture bias and viewing angle. To show this, we plot a bar representing this dominant intrinsic scatter (total length = 1) in the upper
left of the first panel. The smaller bar placed next to it represents the standard error in the estimate of the mean K+A lifetime averaged
over the spin orientations obtained by dividing the larger error bar by +/15. The size of this scatter is the same to within 30% for all three
selection cuts. We do not plot the scatter owing to viewing angle. In the two panels on the right, the four gas fraction cases are the same.
The only difference is that we have shifted the value of fyqs to reflect the typical gas fraction at merger for each case (note: the fgas,0 = 0.8
case is sampled most sparsely in our simulations, and so both the K+A lifetime and fgas(tmerger) are more poorly Constrainod%.

Lat (most importantly) the merger mass ratio. Note that

the canonical K+A lifetime of ~ Gyr, which furthermore
does not take into account the dispersion with orbital
parameters, would overestimate this fraction even more
significantly.

galaxies in this mass range is 0.04 galaxy ! Gyr~
z = 0.1. This implies a rough K+A incidence of

~ (0.2 Gyr)(0.04 galaxy 'Gyr~!)
=0.008 galaxy .

Note that our K+A lifetime per merger must still be sig- 6.2. K+A Fraction Estimation
nificantly overestimated, because the K4+A fraction in-
ferred from large-scale spectroscopic surveys is ~ 0.001.
This is because we have not yet taken into account the
trends of K+4A lifetime with merger parameters, e.g.

A more accurate calculation must take into account the
trends derived in §0l because (for example), 3:1 merg-
ers have a lower characteristic K+A lifetime than do 1:1
mergers. The three merger parameters we consider are
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the primary ones from g3t the total baryonic mass Mga
of the merging system, the gas fraction fy.s at the time
of merger, and the baryonic mass ratio p.

We define the K+A lifetime to be the time the galaxy
spends with (H) < —5.5A, our fiducial cut, which is sim-
ilar to the limit imposed in many observational samples.
To estimate (1), ideally we should simulate a complete
sample of possible mergers and apply directly our meth-
ods to each one. In §4] we performed these calculations
for the azes of the three-dimensional merger parameter
space that we considered, where we take the gas frac-
tion, mass, and mass ratio as the salient properties, plus
a range of disk orientations, for a total of ~ 40 simula-
tions. To sample our entire space with a similar quality
requires of order ~ 1000 more, so in order to reduce the
computational expense, we limit ourselves to a rough ap-
proximation using the information we already have. We
expect that little more would be gained by calculating
the complete sample.

The general trends with each of our merger parameters
are readily seen in Figure[I2] so we make the assumption
that these trends extend to the unsampled sectors of the
parameter space. For a single simulation in detail, this
assumption is obviously incorrect. To see this, compare
the “k” orbit from Figure [§ to the “e” orbit for 40% gas
in Figure[IQ to the ones with 20% gas in Figure[I0l How-
ever, for the parts of our study where we have extended
the sample in larger numbers (e.g. Figure[IT)), the trends
hold to within the scatter owing to viewing angle.

An example of this extrapolation was shown in Equa-
tion 8 For the calculation here, we also include a term
expressing the mass-dependence. However, this may not
be appropriate in all cases, owing to the previously-
mentioned (§4.2) coupling between the mass-dependence
and the gas fraction-dependence. Luckily, the steepness
of the mass function in comparison samples renders our
estimate of the K+ A lifetime trend at the highest masses
unimportant. If we assume instead a flat K+A lifetime
curve with mass, thus assuming that mass and gas frac-
tion are approximately uncorrelated, our K+A fraction
estimates in what follows increase by at most ~ 10%.

We generate a K+A fraction in the following manner:

Nkta
Ngal

fieea = 52— [0 TOO RO X, (9)
where X represents the full space of merger parameters.
p(X) is the fraction of all merger pairs, which we esti-
mate from observations or set by hand, represented by
the specific choice of parameters X; this quantity has
[ p(X)dX =1, and includes information about the ob-
served merger mass function from |Hopkins et all (2008¢),
and the the gas fraction distributions at z ~ 0.1 and 1.0
from [Lin et all (2008).

The quantity T'(X) is the K+A lifetime derived from
this work for the specific merger X, averaged over the
initial disk orientation. Where we have simulations, we
use the values from Figure Where we do not have
direct simulations, we construct 7" by assuming that the
trends in Figure [I2] extend trivially to the untested sce-
narios (e.g. Equation B). This introduces uncertainty
into our calculation, because we cannot be certain that
there is not a dramatic departure from these trends.

R(X) is the merger rate per galaxy per gigayear from

Hopkins et all (2010b), and depends on X only insofar
as we have ignored such dependence in choosing p(X).
We make the approximation that the universal merger
rates at a given redshift depend only on Mg, and pu, but
not separately on the gas fraction. Since we have chosen
to consider a fixed mass range for which the merger rates
are compiled, the rates we apply will depend only on wu.

The absolute merger rates for all mergers with g > 10
are about twice that for “major” mergers (u > 3) alone,
but the K+A lifetimes of the major mergers are 2 2 — 5
times that for minor mergers (§4.4) using these defini-
tions. Thus we might expect that the local K+A pop-
ulation is composed of roughly equal numbers of major
and minor merger remnants.

Within the “major” merger range, our lifetime esti-
mates are still rather different between =1 and p = 3,
so we need an estimate of the relative size of each popula-
tion. For this purpose, we simply choose two test values
by hand to demonstrate the sensitivity of our models:
Nyu=3 = 3N,—1 or N,—3 = 20N,—;. This choice of major
merger mass ratio distribution has an effect at a factor
of ~ 2 level, because this is the corresponding ratio in
the K+A lifetime calculations.

Since our lifetimes also depend strongly on fgqs, we
need to apply an estimate of the gas fraction distribu-
tion in our mass range of interest. To calculate p(fyqs)
as a function of redshift, we assume gas fraction distribu-
tions roughly consistent with observed gas-rich/gas-poor
merger fractions from [Lin et all (2008). These obser-
vations are in good agreement with semi-analytic mod-
els, e.g. [Khochfar & Burkert (2003), for halo masses of
~ 1013 M.

For z =~ 0.1, where observations suggest that the to-
tal mass density in the mass range of interest is split
roughly equally between gas-rich disks and gas-poor el-
lipticals, we assume that merger progenitors are 50% el-
lipticals and 50% spirals, and strongly prefer gas frac-
tions at merger that are < 0.1. We assume that gas-poor
mergers do not form K+4+A galaxies (this cutoff occurs
at roughly fges = 0.05 for our simulations). At z ~ 1
for these masses, the observed gas-free merger fraction
is ~ 10%, and gas-rich mergers account for almost 70%
of interactions (mixed mergers accounting for the rest).
We assume that typical galaxies at this redshift have gas
fractions of 0.2 by putting 50% of mergers into this bin.

We note that the estimates from [Lin et all (2008) cor-
respond to a mass range somewhat higher than the ones
that dominate our comparison samples, so the values we
take of the gas-rich merger fraction are probably some-
what conservative. In addition, the choices we make of
the gas fraction bins in which to put each type of merger
are meant to be reasonable, but not necessarily precise.
Changes in the exact details of the gas fraction distri-
bution produce K+A fractions that vary within the un-
certainties of other parts of our modeling. A more thor-
ough calculation can be done using such estimates, but
we leave this for a more precise study.

We interpolate between our two redshift points to plot
the K+A fraction as a function of redshift in the solid
black line of Figure I3l Such a curve should be thought
of as the average merger-induced K+A fraction in all en-
vironments at a given redshift. Note that a predicted
merger-induced K+A fraction below the observed one
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is not necessarily problematic, since there may be ad-
ditional sources of K+A creation such as ram-pressure
stripping or other quenching mechanisms.

The gray box represents the 0.5 dex believable range
of our best-guess model. This quantity comes from un-
certainty in the merger rates [Hopkins et all (2010b) in
conjunction with the standard error of the mean K+A
lifetimes shown in §8l We plot 0.0 < z < 1.2, but we do
not attempt to account for aperture bias, and as noted
above, our accounting for gas fraction evolution is a crude
one (and we do not account for things like bulge mass or
morphological sub-type).

6.3. Comparison to Surveys

Above, we described our method for estimating the
K+A fraction at z = 0.1 and z = 1.0. At z = 0.1, our
procedure yields a K4+A fraction of roughly 1073, and
the K+A fraction we estimate at z ~ 1 is 0.7%, almost
an order of magnitude higher than at z = 0.1.

For comparison, we plot in Figure the K4+A frac-
tion with associated measurement uncertainty quoted
from a number of spectroscopic surveys. We acknowl-
edge the complications of this approach as pointed out
by [Yan et all (20094) and other authors, especially the
fact that each survey uses different selection criteria, has
different flux limits, and is affected in different ways by
cosmic variance and environmental effects. For instance,
the [Poggianti et all (1999) sample has a less stringent
EW requirement than we consider here. Combining our
models with a detailed cosmological framework, it is pos-
sible in principle to account for such effects, but we defer
this more sophisticated study to future work. However,
even with this basic approach we are able to reproduce
some expected results as a rough check of our approach.

At z =~ 0.1, our models imply that a large fraction
of the K4+A population in large-sky surveys such as the
Las Campanas Redshift Survey (LCRS, [Shectman et al.
1996; [Zabludoff et all[1996) and SDSS (York et all2000;
Gotd[2007a) can be accounted for by mergers. This rough
correspondence follows directly from one phenomenon:
that the K+ A lifetimes exhibit strong dependence on
the merger scenario. The population of mergers expe-
riences significant variation in K4+A incidence that de-
pends strongly on (at least) orbit, gas fraction, and mass
ratio. As we showed above, removing these dependen-
cies leads to a predicted K+A fraction much higher than
observed.

Between z = 0.1 —1.0 in the field, our example calcula-
tion demonstrates strong redshift evolution in the K+A
fraction. Our curve falls somewhat below the surveys
at z 2 0.2, though still within reason given the uncer-
tainty in the models, and this might be expected if there
is important progenitor evolution in mass, typical envi-
ronment, bulge fraction, or if the evolution in typical gas
fraction is more extreme than we assume. In fact, as red-
shift increases, we expect that the progenitor galaxies in
corresponding surveys will be somewhat higher in mass
and later in type than lower-redshift surveys. Both of
these effects could serve to steepen the predicted curve
by up to a factor of 2 each toward higher redshift. An-
other steepening effect may be aperture bias: in Figure
we saw that a typical decrease in observed (H) signal be-

tween z = 0.1 and z ~ 1 (at fixed aperture size) is ~ 1A.

The appropriate comparison is between the filled circles
in Figure[I2 and the squares (a stronger cut, which is re-
quired at higher redshift to select the same galaxies). We
see that this could be an effect at the level of a few tens of
percent. In addition, the other mechanisms for creating
a K4+A phase may account for some of this difference.

7. DISCUSSION

It is believed that the K+A criteria select galaxies
where star formation has recently and rapidly shut down
owing to interactions with other galaxies and/or with
a cluster environment. The probability of becoming a
K+A galaxy is increased if the galaxy experiences a pe-
riod of enhanced star formation prior to the quenching,
as opposed to the rapid truncation of a low level of con-
tinuous star formation. Mergers and interactions are a
natural way to create these star formation histories. We
have studied this process through a large suite of three-
dimensional hydrodynamic simulations coupled with the
three-dimensional radiative transfer code SUNRISE, and
we discuss the implications of our results in this section.

7.1. Poststarburst Merger Models

In combination with [Wild et all (2009), this work
tested the idea that K+As arise, in many cases, via
galaxy-galaxy mergers. Ultimately, measurements of
K+A abundances should be reconciled with realistic
models for their formation and event rates. The ob-
served K4+ A abundance fraction among different samples
is relatively robust insofar as the K+A selection criteria
are uniform (though the lack of this uniformity is one of
our uncertainties). However, realistic models for K4+A
events, specifically their duration, must be used in or-
der to infer any information about the merger or event
rate and hence the evolutionary context of these systems.
We have demonstrated an order-of-magnitude calcula-
tion that explicitly takes this into account, specifically
calculating the K4+A incidence with physical merger sce-
nario, and we showed in §4] that the lifetime of the K+A
phase is a strong function of both merger orbit and pro-
genitor properties.

In particular, the relative orientation of the spin vec-
tors of the merging disks can be varied to create post-
merger star formation histories with a wide variety of
Balmer absorption strengths and lifetimes. This scat-
ter with disk orientation represents a physical scatter in
the mean K+A lifetime for a given pair of disks of 0.3
dex. The K+A lifetime is maximum for equal-mass merg-
ers and for gas fractions at the time of merger between
~ 0.1 — 0.2, but fall of sharply at lower values. Minor
mergers can also lead to a short, viewer-dependent K+A
phase (§44)). While major mergers produce a more ro-
bust, longer-lived K+A phase, the relative quantity of
minor mergers versus major suggests that the contribu-
tion to the merger-driven K+A population may be split
roughly equally between major and minor.

Thus, we find that the average maximum K+A life-
time for the merger of a given pair of disks is at most
~ 0.2 £ 0.05 Gyr, a factor of at least several below the
canonical lifetime often assumed to be ~ 1 Gyr. This is
because not every merger event generates these canon-
ical star formation histories. By allowing that not ev-
ery gas-rich merger produces a K4+A galaxy of order 1
Gyr, a fixed observed K+A abundance implies a greater
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Figure 13. An estimate of the K4+ A fraction owing to merger-induced star-formation quenching as a function of redshift, for which we
find general agreement with similarly-selected samples. This implies that a typical merger lives as a K4+A galaxy for much shorter than
the canonical 10° years, bringing the K4 A-inferred merger rate up to ones estimated by other means (Hopkins et all 20108). The black
solid line is our estimate when we assume that one-to-one mergers are three times rarer than three-to-one mergers, and is approximated by
the relation fk4a (t) e2(z=0.1) (red dotted curve), importantly reflecting a significant increase in K4+A abundance as z increases. The
dashed black line is when we set this factor equal to 20; note that this choice only leads to at most a factor of 2 difference. The gray shaded
region represents roughly the 1o confidence region of the model result, taking into account the uncertainty in the merger rates summed
in quadrature with the scatter in the mean K+A lifetime from this work (each a factor of ~ 2 for a total ~ 3, or 0.5 dex). The points
and error bars reflect survey data and their corresponding measurement uncertainty, with each survey using their own selection criterion.
Error bars for the large local surveys LCRS and SDSS are lower limits to the uncertainty in the fraction computed as 1/y/Ngk 4 4, and all

other error bars are as supplied by the authors. All surveys have somewhat different depth limits, corresponding crudely to 100 Mg of
stellar mass, and this is the cut we use in the merger rate estimates from [Hopkins et all (20100). Where a survey is given two points, we
plot both the “bright” and “faint” or total sample provided in the referenced paper. Our selection criteria mimic most closely the LCRS
(Zabludoft et all [1996) and SDSS (Gotd [2007d) survey points. A weaker cut may be more appropriate for some of the surveys for which
an H§ cut of ~ 3A was applied; for instance, Poggianti et all (1999), since we include both their “k+a” and “a+k” classes in the plotted
point. Figure [[2] suggests that a factor of two correction to our model curve may be appropriate in this case (this would be insufficient).
However, our models are much more uncertain in this regime, because a much larger class of mergers can cause such a signal, so we have
focused primarily on ones that can satisfy our fiducial cut.

merger rate than a calculation that assumes a lifetime 7.2. Implications for Merger-Induced Evolution
of ~ 1 Gyr. For example, using a 1 Gyr duration,
Quintero et all (2004) infer a K+A event rate of order
0.01 per galaxy per gigayear at z ~ 0.1, a factor of several
below the lower limit merger rate of ~ 0.04 per galaxy
per gigayear from [Hopkins et al! (20101), suggesting that
if the latter rate is correct and the typical K4A lifetime
is ~ 1 Gyr, then there are too few K+A galaxies by at
least a factor of a few.

To reconcile the two, we have estimated the redshift
evolution of the merger-induced K+ A fraction implied
by our simulations in §6land Figure [[3] using the merger
rates of Hopkins et al! (2010b). For simplicity, we con-

sidered the strict selection cuts of [Zabludoft et all (1996, is not too surprising, given the continuous population of

e.g.),f?? that the observed K+A fraction at z = 0.1 is galaxies in the “poststarburst spur” in [Zabludoff et all
~ 107°. The model calculation has a large scatter of (1996); [Yan et al! (20095) and hints that post-burst pop-

This result has significant implications for the physical
mechanism behind the growth of bulge-dominated galax-
ies. For example, this lower characteristic duration per
event at fixed abundance implies that a correspondingly
larger number of galaxies have passed through this phase.
The mean K+A lifetime of our simulations, weighted ap-
proximately to the cosmological progenitor abundances
and appropriate for this selection, is ~ 0.02 Gyr per
event. This implies that since z = 1, ~ 40% of galaxies
have experienced a K+A phase, however briefly. Thus,
many merger remnants spend a great deal of time outside
of the traditional K+A spectral cuts, a consequence that

~ 0.5 dex, but we find broad agreement with large-:.ire.a ulations may exist outside the typical selection regions
nearby (z < 0.2) spectroscopic samples that use simi- (e.g. [Quintero et all 2004; [Yan et all 2009H).
lar selection cuts, suggesting that K+A abundances are Furthermore, the short-lived merger-induced K+As

consistent with a predominantly merger origin. may be ones that experience less bulge growth than
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the long-lived ones. Preliminary evidence suggests that
the diskiest merger remnants in our simulations also ex-
perience the shortest K4+A phases, consistent with the
picture put forth by, for example, Barnes (2002) and
Robertson et all (2006), that the merger remnant of gas-
dominated disks will have a greater disk component. Our
limited experiments at high gas fraction showed that
the K+A phase is shorter when the gas content is large
(= 40%) at the time of merger, in general agreement with
the fact that the star formation halts less suddenly, or
not completely, in these systems.

Hence, further study is warranted to better predict
results for or interpret surveys of evolving galaxies at
higher redshifts. Although gas-rich progenitors and
mergers are more common at z > 1, we have seen that
the K+A incidence is a complex function of the gas con-
tent, mass, and mass ratio of the merging pair, and the
re-formation of gaseous disks will certainly play a larger
role during the epoch of peak galaxy assembly at z 2> 2.
Thus care must be taken to correctly interpret post-
starburst abundance measurements in upcoming higher-
redshift surveys.

7.3. Resolving the Geometry and Dust

Our combined hydrodynamics and radiative transfer
approach allows us to study in detail the physical evolu-
tion of galaxies and their components through the K+A
phase. Roughly temporally coincident with a significant
central starburst, SMBH accretion and feedback, and a
rapidly-evolving ISM, merger-induced K+A galaxies re-
sult from violent events that are more accurately pro-
duced by fully three-dimensional physical models. Us-
ing such models, we have begun to study the effects of
dust attenuation, spatial bias, and SMBH accretion on
poststarburst galaxies in the context of realistic mock
observations of physically-motivated simulations.

These studies fall into roughly two categories: one,
understanding systematic observational effects such as
aperture bias and viewing angle, and two, varying the
physical setup, such as progenitor properties and mod-
els used to evolve the structure of the ISM, e.g. forming
stars, accreting gas onto the SMBH, and allowing for
feedback.

Since mergers lead to centrally-concentrated star-
bursts, we have quantified the effect of changes in the
spectroscopic fiber aperture between =~ 1—10 kpc on sev-
eral simulated galaxies in §3.6] and shown that a change
of order ~ 1A in (H) is expected. This property may dis-
tinguish merger-induced K+As from, for example, ones
induced by ram-pressure stripping where smaller or in-
verted gradients may be expected.

Dust attenuation and viewing angle can introduce large
variations in the perceived strength of K+A indicators,
especially when the gas content is large. In particular,
any diffuse dust that survives tends to obscure the central
young stellar population and weaken the poststarburst
signature. The scatter in the K4+A durations induced
by this effect is about three times smaller than the one
owing to initial disk spin orientation §&.1] and the overall
reduction in K+A lifetimes is an effect at the level of a
few tens of percent (see Figure [IT]).

The presence of a stellar bulge suppresses the forma-
tion of poststarburst signatures caused by relatively weak
perturbations such as those induced during the first pas-

sage of a merger in certain orbits (§3.2), and this pic-
ture is broadly consistent with K4+A pair fractions from
Yamauchi et all (e.g. 2008). This effect is dominant in a
small aperture of ~ 6 kpc versus the integrated spec-
trum. Combined with knowledge of galaxy structure
such as bulge fractions, spatially-resolved observations
compared to simulations such as these may provide fur-
ther constraints on the properties of merger progenitors.

In some cases, the presence of AGN accretion and sub-
sequent, feedback strengthens the K+A signature of the
merger remnant (Wild et all 2009, and §3.7). The merg-
ers that produce strong starbursts leading to a K+A
galaxy are also ones in which much gas is funneled to
the center of the coalescing remnant, so merger-induced
poststarburst galaxies are likely ones that also experi-
enced significant AGN activity. For the simulations we
consider here, the effect of AGN feedback is limited. The
“shutdown” we see is dominated by simple exhaustion of
the gas supply and/or feedback related to the starburst
itself. This is consistent with [Wild et all (2009), who
found that reducing the feedback strength from the cen-
tral black hole did not substantially alter the poststar-
burst properties of such mergers. However, in at least one
example, we find that AGN feedback produces a stronger
K+A phase (~ 1A EW enhancement) of longer duration
(perhaps up to ~ 50%) than simulations without. We
conclude that the AGN energy disperses dust and gas
remaining in the nucleus and assists in uncovering the
A-star population. The systematic comparison of the
K+A strength distribution to a large suite of simula-
tions may place constraints on the strength and nature
of AGN feedback.

Several modeling approximations were made in order
to calculate the spectrum of simulated galaxies. These
include a subresolution treatment for the H II and PDR
regions surrounding young stars as well as for the state
of the ISM within each resolution element. An impor-
tant free parameter is fppr, which governs the cover-
ing fraction or clearing timescale of the molecular birth
clouds of young stars. We chose to use fppr = 0.3,
corresponding to a clearing timescale of 1 — 2 Myr, as
a reasonable approximation for local merger remnants,
where vast quantities of molecular gas are not present.
We have also chosen to use the multi-phase breakdown
of the SPH gas particles to assign dust masses to either
the hot phase or cold phase ISM. We assume that the
attenuation of light by the cold phase ISM is captured
entirely by the PDR model and so we do not use the cold
phase mass to calculate additional dust attenuation. In
§2.51 we discussed several examples where we have varied
these assumptions to see their effect, which is substantial
in certain cases.

7.4. Context of Present Simulations

In work leading up to the present, similar simu-
lations have been used to quantitatively demonstrate
that galaxy mergers contribute to the populations of
z = 0 ellipticals (Springel et al! 20054 ICox et al. [20064;
Hopkins et all 20061, 20084), warm ultra-luminous in-
frared galaxies (ULIRGs) at z =~ 0 — 1 (Younger et al.
2009), dust-obscured galaxies (DOGs; [Narayanan et all
2010b) and submillimeter galaxies (Narayanan et all
2009, 2010a; Hayward et al) 2010, [2011) at z > 2, and
quasars at various redshifts (Hopkins et al!l20054, 2006a;
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Hopkins & Hernquisti 2006; [Li et all [2007). Here, we
have shown that K4+ A galaxies fit within the same frame-
work. In particular, we have studied the idea that post-
starburst galaxies are predominantly remnants of galaxy-
galaxy interactions. Their properties are such that they
will likely evolve into passive ellipticals, and these sim-
ulations show that mergers of gas-rich disks are likely
contributors to the K4+A population, supporting the pic-
ture that mergers play a significant role in driving late-
time galaxy evolution. Thus, the work here supports
the general picture framed by e.g. [Hopkins et al! (2006a,
2008d); [Somerville et all (2008) that these various phe-
nomena are connected in an evolutionary sequence.

Additional evidence for this general scenario can be
seen in the form of a fossil record preserved in the struc-
tural and kinematic properties of local early type galax-
ies. For example, it has recently been shown that the
light profiles of gas-rich merger remnants (Hopkins et all
2008H), ellipticals with central cusps (Hopkins et all
2009a), and ellipticals with cores (Hopkins et all 2009d)
all show evidence of being two-component systems, with
an inner relic starburst left over from a gas-rich merger
(Mihos & Hernquist 1994a). These findings can ad-
ditionally explain the link between the various types
of elliptical galaxies (Hopkins & Hernquistl 2010H), the
contribution of merger-induced starbursts to the star
formation history of the Universe and the infrared
background (Hopkins et al!2010a; [Hopkins & Hernquist
20104; Hopkins et all [2006d), and the relationships be-
tween supermassive black holes and their host galaxies
(Hopkins et all 2007ab). The present work reinforces
the conclusions derived in these studies by making an
explicit connection between the immediate descendants
of gas-rich mergers and the population of old elliptical
galaxies.

8. CONCLUSIONS

We calculated rest-frame optical spectral line catalogs
of binary galaxy merger remnants using 3-D Monte Carlo
dust radiative transfer calculations applied to fully 3-D
hydrodynamic simulations. Using these, we have studied
the properties of poststarburst (K4+A or E+A) galaxy
models in an attempt to understand them in a context
of hierarchical galaxy evolution. We summarize here our
key findings:

1. We tested the hypothesis that mergers of spirals
contribute meaningfully to the population of K+A
galaxies. We find that realistically-simulated ma-
jor merger remnants commonly satisfy traditional
K+A spectral line selection cuts (§3]), and quan-
tified the extent to which each of a large suite of
merger scenarios satisfies those cuts ().

2. The K+A lifetime is sensitive to nearly every prop-
erty of the merging progenitors, including gas frac-
tion, mass ratio, and especially the configuration
of their orbit in space (§4.1]). This follows from the
fact that merger dynamics exhibit a continuum of
starburst properties, from short and violent events
to more prolonged bursts.

3. Typical durations of the K+A phase as commonly
defined are < 0.1-0.3 Gyr for the merger of equal-

mass gas-rich progenitors (§0]), significantly shorter
than the often-assumed value of ~ 1 Gyr.

4. The shortness of the typical merger-induced K+A
phase owes to the fact that not every merger or-
bit leads to a major, succinct starburst, even when
certain configurations of the same progenitors do
so. Thus, the canonical model of a K4+ A existing
for about 10° years is appropriate only for the rel-
atively few cases that the merger dynamics cause
a sufficiently significant increase and/or sufficiently
rapid cessation of star formation.

5. These results reconcile measured K+A abundances
with independently-calculated merger rates (46
. By assuming that all gas-rich mergers sat-

isfy the K+A criteria for 1 Gyr, one underpredicts
the merger/event rate by up to an order of magni-
tude. By accurately accounting for how the K+A
lifetime depends on physical merger scenario, as
we have done here and for which we provide ap-
proximate fitting formulae in §5l we find that the
inferred merger/event rate is consistent with other
estimates. Furthermore, our model estimates of
the K+A abundance as a function of redshift (Fig-
ure[I3)) reflect a rapid increase from z = 0 to z ~ 1.

6. The subresolution treatment of dust attenuation
remains a significant uncertainty during parts of
the merger when much gas and dust is present
(§25). However, we believe our choices to be rea-
sonable for the vast majority of K+A galaxies sim-
ulated here, because most of the time they are rel-
atively dust-poor. The effect of dust attenuation
within our chosen subresolution framework is small
and characterized throughout §3l and §] and sum-
marized briefly in Figure [[1] and §7.3

7. The role of AGN feedback in truncating star for-
mation to produce the K4+ A features in these sim-
ulations is minimal. The energy released by rapid
merger-induced accretion onto the SMBH expels
the now centrally-concentrated gas and dust from
the merger remnant, slightly enhancing the visibil-
ity of A stars produced by the starburst, but does
not alter the star formation enough to be observ-
able in the unobscured K+A signature. However,
this work focused primarily on local analogues and
a single feedback model, warranting further study.

With our suite of realistic merger simulations, we
have gained insight into how merger-induced poststar-
burst galaxies evolve and depend on their progenitors
and physical models. We have described and executed
a method for deriving the true poststarburst lifetimes of
merger remnants and reconciled K4+A abundances with
independently-estimated merger event rates. Such tech-
niques can valuably constrain the paradigm of merger-
induced galaxy evolution by generating observationally-
consistent predictions for the properties of evolving
galaxies. For example, semi-analytic modeling, based on
approximate fitting formulae such as the ones we have
provided here for K+A incidence, could be used to gain
insight into related questions. Future work with sim-
ilar techniques is warranted to disentangle the underly-
ing causes of galaxy evolution, constrain physical models,
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and to inform observations and theories of galaxy forma-
tion at ever-higher redshifts.

Specifically, the role of AGN versus star formation
and gas consumption in the formation of ellipticals
can be probed by varying the physics applied in large
suites of merger simulations (e.g. [Wild et all 2009) and
comparing them in detail to observations of the struc-
ture (Yang et all[2008), metal abundance (Norton et all
2001), AGN luminosity and SED (Brown et all [2009),
AGN/starburst ratios (Yuan et all [2010), and ISM
properties (Rich et all 2010) of K+A galaxies, LIRGs,
ULIRGs, and others. The complex state of the gas and
stars in galaxies, mergers, and their remnants may de-
pend on the precise nature of AGN and stellar feedback
mechanisms, the details of gas recycling by stars, and the
physics of the ISM, so that such observations and sim-
ulations can together provide useful constraints on the
underlying physical models. For comparisons at higher
redshift, mergers between more gas-dominated disks with
a turbulent ISM structure can be simulated so that we
may interpret correctly observations of mergers and their
remnants during the epoch of peak galaxy assembly.
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