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Abstract.  We present a series of hundreds of collisionless simulatafrgalaxy
group mergers. These simulations are designed to test ahtta properties of el-
liptical galaxies - including the key fundamental planelisgarelation, morphology
and kinematics - can be simultaneously reproduced by dryipleimergers in galaxy
groups. Preliminary results indicate that galaxy groupgees can produce elliptical
remnants lying on a tilted fundamental plane, even withadrgral dissipational com-
ponent from a starburst. This suggests that multiple merigegroups are an alternate
avenue for the formation of elliptical galaxies which cowldll dominate for luminous
ellipticals.

1. Introduction

We aim to test the hypothesis that ellipticals form througrdrchical mergers of spi-
ral galaxies in groups. If so, is the observed 'tilt' of thenflamental plane from the
virial relation a natural consequence of hierarchical rnmgr@f spirals inACDM cos-
mology? Does the scaling relation of spirals - the TullyR€isrelation - imprint itself
in elliptical properties as well? If so, this would contragth evidence presented by
e.g..Raobertson et al. (2006), who suggest that ellipticaperties (including the tilt of
the fundamental plane) arise from varying gas fractionsnafty mergers of spirals.
Our method is to create a large statistical sample of galagsger simulations.
These simulations naturally include mechanisms invegthadependently in previ-
ous works, including minor merging, hierarchical mergimgl group mergers. Similar
simulations have been performed|by Aceves & Velazquez5p00he chief improve-
ment in this work is to use equilibrium, bar-stable galaxydels based on M31 data
(Widrow & Dubinski|2005; Widrow et al. 2008) and to fairly cqare the results of
hundreds of simulations to observations of local ellipida.g. SDSS and Atlas3D).

2. Simulations

The initial conditions are designed to be quasi-cosmo#dgimot an unbiased sam-
ple but a roughly even sampling of the parameter space likeproduce groups with
central ellipticals. Briefly, we create simulations usinglaxy models with Sersic
ns = 1 'pseudobulges’ ands = 4 classicalde Vaucouleurs bulges. Each model has
2 sets of simulation with 7 target luminosity bins fron81o 8 L* (in factors of 2),
with 8 groups in each mass bins for a total of 2x#488 simulations. Galaxies are
placed within a sphere af = rygg of the group at 21 (or twicerygg at z=1) with the
most massive galaxy in the center. Each group has betMggg > Nyin = 3 and
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Figure 1. Images of a high-resolution re-simulation of augref 10 galaxies
totaling L*, starting from initial conditions and advangi25,000 timesteps ( 5 Gyr)
in each frame.

Ngais < Nmax = 10- sqgrt(L/Lx). Within each group luminosity bin, the number of
galaxies in each simulation varies linearly from the minim(8) to the maximum, so
that L* groups have between 3 and 10 galaxies and the largespg have 28 galax-
ies. Galaxy luminosities are randomly sampled from an ofeskspiral luminosity
(Schechter) function. Luminosities are drawn from a rettd range of the luminosity
function with a width equal toNgais + 2)/10 dex and such that the integral under the
curve is equal to the target group luminosity. This setuguslas groups with a dom-
inant bright galaxy and much smaller satellites (like thdkMWay and Magellanic
clouds) which are unlikely to form ellipticals. A controlregle of equal mass mergers
is also created in each mass bin, one group using 3 galaxiethammtheMN .5 Satel-
lites are given preferentially inward and radial orbitsthwthe group as a whole being
subvirial (to ensure collapse) and no satellite hayig Vescape

Groups are simulated for 10 Gyr with the parallel tree coder&a (Dubinski
1996), using 50,000 timesteps and a softening length @pa&tsolution) of 100 pc.
Figure[1 shows a typical evolution for one such group. Sitmia are analyzed after
5, 7.5 and 10 Gyr. For brevity, only results for the 10 Gyr atioh (assuming groups
formed at z2) are shown. We note that groups with fewer galaxies tylyicakrge
in a few Gyr, while groups with more galaxies continue (skvéeccreting lower-mass
satellites up to and beyond 10 Gyr. We process simulatiomtis @ir own imaging
pipeline, which is intended to create SDSS-like images ofgnaups, using sky back-
grounds and @ typical for SDSS imaging runs of galaxies at®025. We also create
kinematical maps at the same spatial resolution but withaigenin the velocity space.
Each galaxy is imaged in ten equally spaced projections ésthaur sample size by a
factor of ten.

3. Reaults

Our main result is a measurement of the fundamental plamtioe! log(Ref) =
alog(c) + bu + c. The tilt for our various samples is tabulated in tdble 1.rBmteudob-
ulge and classical bulge mergers create a tilted fundarnglaiae. FiguréR illustrates
the small scatter and spatial extent of the plane. This ehg#ls the interpretation of
Hopkins et al. [(2008) that dissipation is necessary for ilheewven if it is suficient.
Interestingly, equal mass mergers appear create a til. cthild indicate that the tilt is
a generic feature of multiple merging rather than being ddeet on a particular spiral
scaling relation; however, we caution that the equal-masgen sample is quite small.
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Table 1.  Best fit fundamental plane ¢beents of central galaxies in the simula-
tions compared to SDSS observatidns (Hyde & Bernardi2009).

Sample N a b observed rms intrinsic rms
Virial n/a 2 0.4 ra na
Classical bulge 101 1.65 0.296 0.040 /an
Exponential bulge 85 1.73 0.327 0.052 /an

Classical bulge, equal mass galaxies 33 1.74 0.291 0.046 /a n
Exponential bulge, equal mass galaxies 29 1.72 0.295 0.054 /a n

SDSS 50,000 1.43 0.315 0.066 0.058
SDSS, stellar mass (excluding,\) 50,000 1.63 0.336 0.065 0.049
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Figure 2.  Face-on and edge-on projections of the fundarglatze of classical
bulge mergers.

The tilt appears similar to that from SDSS observations_g4&dBernardi 2009)
excluding the M/L contribution, which is nil by construction in our simulaiis.

All galaxies in each image are fit with a single Sersic profilthough only central
ellipticals are included in the final catalog. Classicalgasl have higher central densi-
ties than exponential bulges, so we would expect the innigebdominated profile of
classical bulge remnants to be steeper with largeEquivalently, exponential bulges
should be unable to form steep inner profiles with lamgelue to the conservation of
phase space density (Carlberg 1986).

We confirm that classical bulge mergers have lameand a distribution more
consistent with observations than exponential bulge mertfég.[3). Classical bulge
mergers appear to have slightly largerthan the observations and exponential bulge
mergers considerably lower. This suggests that elligieal they are formed by dry
mergers - are formed from spirals with a range of bulge pmfidensistent with mea-
surements of spiral bulge profiles.

Only classical group mergers produce a correlation betviammosity andns.
This relation is a result of more luminous ellipticals hayimeen produced on average
by more mergers. The dependence of merger rate on halo naagsediction oACDM
(e.g..Hopkins et al! (2010)). However, exponential bulgessimply not concentrated
enough to create merger remnants with> 4, even with repeated merging. Thus,
luminous ellipticals are unlikely to be the product of expotial bulge mergers.
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Figure 3.  Sersicindices of central ellipticals. Classmabje mergers (right) have
largern for the same initial conditions and show a strong dependeftteon galaxy
luminosity, as with observed ellipticals but unlike expotial bulge mergers (left).
Observed data from Nair & Abraham (2010).

We measure the traditionalo- measure as the luminosity-weighted average within
Rett, as used in IFU observations like Atlas3D (Cappellari €2@l1). As in Atlas3D,
most of our ellipticals are slow rotators However, some rans are formed with/o
as large as 0.35, showing that it is possible to form fasteaidrom dry mergers alone
- a contrast with previous studies of dry binary mergers ciwiunly formed very slow
rotators.

There does not appear to be any strong correlation betwéstioral support and
number of mergers, galaxy luminosity or other parameters.sgpect the rotation is
due to net angular momentum in the group. Whatever the dasggassible for multiple
mergers to produce fast rotators. However, fast-rotatiog I&ve been observed with
v/o- > 0.5. If these SOs are merger products, they cannot have bemeddirom dry
mergers alone.
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