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ABSTRACT

We conduct a series of high-resolution, fully self-consistent dissipatioNldxsdy simulations to investigate
the cumulative effect of substructure mergers onto thin disk galaxies in the context/o€ el paradigm of
structure formation. Our simulation campaign is based on a hybrid approach combining cosmological simula-
tions and controlled numerical experiments. Substructure mass functions, orbital distributions, internal struc-
tures, and accretion times are culled directly from cosmological simulations of galaxy-sized cold dark matter
(CDM) halos. We demonstrate that accretions of massive subhalos onto the central regions of host halos, where
the galactic disk resides, sinze- 1 should be common occurrences. In contrast, extremely few satellites in
present-day CDM halos are likely to have a significant impact on the disk structure. This is due to the fact that
massive subhalos with small orbital pericenters that are most capable of strongly perturbing the disk become ei-
ther tidally disrupted or suffer substantial mass loss priart®. One host halo merger history is subsequently
used to seed controlldd-body experiments of repeated satellite impacts on an initially-thin Milky Way-type
disk galaxy. These simulations track the effects of six dark matter substructures, with initial masses in the
range~ (0.7-2) x 10'°M, (~ 20—60% of the disk mass), crossing the disk in the pag& Gyr. We show
that these accretion events produce several distinctive observational signatures in the stellar disk including: a
long-lived, low-surface brightness, ring-like feature in the outskirts; a significant flare; a central bar; and faint
filamentary structures that (spuriously) resemble tidal streams in configuration space. The final distribution of
disk stars exhibits a complex vertical structure that is well-described by a standard “thin-thick” disk decom-
position, where the “thick” disk component has emerged primarily as a result of the interaction with the most
massive subhalo. We conclude that satellite-disk encounters of the kind expe&teBM models can induce
morphological features in galactic disks that are similar to those being discovered in the Milky Way, M31, and
in other nearby and distant disk galaxies. These results highlight the significant role of CDM substructure in
setting the structure of disk galaxies and driving galaxy evolution. Upcoming galactic structure surveys and
astrometric satellites may be able to distinguish between competing cosmological models by testing whether
the detailed structure of galactic disks is as excited as predicted by the CDM paradigm.

Subject headings: cosmology: theory — dark matter — galaxies: formation galaxies: dynamics — galaxies:
structure — methods: numerical

1. INTRODUCTION Since the original discovery of the Sagittarius dwarf galaxy
In the cold dark matter (CDM) paradigm of structure and its associated tidal stream (lbata et al. 1994; Yanny et al.

formation, galaxy-sized dark matter halos form via the con- 2000; lvez€ et al.| 2000: Ibata et EI. 2001cib:; Majewski €t al.
tinuous accretion of smaller systems (e.g.. Blumenthalet al.2003), at least 5 additional, spatially-coherent structuref have
1984). Recently, an explosion of data has disclosed un-2€€n found in and around the MW _(Newberg etal. 2002;

; ; P ; Gilmore et al.| 2002| Yanny et al. 2003; _Martin et al. 2004;
expected kinematic and structural complexity in the Milky - e o ] . _ T
Way (MW), its neighbors, and distant galaxies. There is gduric etal.| 2005; Martinez-Delgado et al. 2005; Grillmair

growing body of evidence from local star-count surveys that 20064&,b; | Grillmair & Dionatos | _2006;/ _Rocha-Pinto et al.

the MW has, in fact, experienced numerous accretion events2006; Belokurov et al. 2006). These numbers are in general

agreement with predictions of dwarf galaxy accretion and
1 Kavli Institute for Particle Astrophysics and Cosmology; and De- disruption in the prevailingA\CDM C05m0|09|93-| model

partment of Physics; and Stanford Linear Accelerator Center, Stan- (Bullock et al.|2001;l Bullock & Johnston 2005; Bell et al.

ford University, 2575 Sand Hill Rd, Menlo Park, CA 94025 USA; [2007) and the character of the structures themselves are

steli os@l ac. st anf ord. edu. . . . . .
Z Center for Cosmology; and Department of Physics & Astronomy, The similar to those expected in simulations of satellite galaxy

University of California at Irvine, Irvine, 4168 Reines Hall, CA 92697 Usa;  disruption (Johnston etial. 1995). )
bul | ock@ci . edu. Among the more intriguing stellar structures discovered

ooy & aavophysicer At he. Emicn Lo Inchare The np. N the MW is the Monoceros Rin (Newberg e al. 2002)
versity of Chicago, 5640 South Ellis Avenue, Chicago, IL 60637 USA; This coherent, low-metallicity feature spanrs 170° de-

zent ner @i cp. uchi cago. edu,andr ey@ddj ob. uchi cago. edu. grees around the_ Galaxy and lies near the disk plane
gNational Sgijence Foundation Fel}[OV\;i d fat a Galacto-centric distance of 20 kpc (Newberg et al.
Present Address: Department of Physics and Astronomy, University of 5002:[Yanny et 4. 2003; [bata et al. 2003; Rocha-Pintolet al
Pittsburgh, 100 Allen Hall, 3941 O'Hara Street, Pittsburgh, PA 15260 USA; % — . . : * - :
zent ner @i tt . edu. 2003;/Conn et al. 2005). It is unclear whether this struc-
6 Jet Propulsion Laboratory, California Institute of Technol- ture is yet another example of tidal debris from an ac-
ogy, MS 169-327, 4800 Oak Grove Dr, Pasadena, CA 91109 USA; creted dwarf galaxyl (Yanny etial. 2003; Ibata et/al. 2003;

| eoni das@pl . nasa. gov. Helmi et al/ 2003; Martin et al. 2004; Pefarrubia et al. 2005)
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or a stellar extension of the disk itself (Ibata etlal. 2003; In the present paper we examine the morphological signa-
Helmi et al. 2003; Momany et al. 2004; Moitinho etlal. 2006; tures that substructure induces in thin galactic disks in the
Momany et al. 2006). context of the CDM model of structure formation. Rather than
In addition to revealing a complex assortment of structure focus on the stellar material liberated from accreted dwarf
in the outer disk and halo, photometric surveys are allowing agalaxies, we focus on the effects of satellite halo impacts
more detailed “tomography” of the MW disk itself (Juric et al. on disk galaxies themselves. Specifically, we bombard an
2005; Newberg et al. 2006). Traditional “thin-thick” disk de- initially-thin MW-type disk galaxy with dark matter subha-
compositions to these data yield thin disk exponential scalelos whose mass functions, orbital distributions, internal struc-
heights of~ 250 pc and corresponding thick disk heights typ- tures, and accretion times have been culled directly from cos-
ically ~ 2—-4 times larger.(Siegel et al. 2002; Juric et al. 2005; mological simulations of MW-sized dark matter halos and
Newberg et al. 2006). However, small but significant differ- study the ramifications of such encounters for disk structure.
ences in published scale height determinations may reflect Disk galaxies have been notoriously difficult to form in
a more complicated disk structure than uniform scale height ACDM cosmological simulations (e.g., Navarro et al. 1995).
models allow|(Newberg et al. 2006). This difficulty in conjunction with the prevalence of disks
Ongoing studies in the Andromeda galaxy (M31) sug- in the universe might point to an issue of fundamental cos-
gest that its history is at least as rich and complex as thatmological importance. For example, the dark matter may
of the MW (e.g., Ferguson etlal. 2005; Kalirai etial. 2006; not be cold or the power spectrum may not be hierarchi-
Ferguson_2007; lbata etlal. 2007, and references therein)cal on small scales (e.d., Sommer-Larsen & Dalgov 2001;
At least one recent, high-metallicity accretion event is ev- [Zentner & Bullock 2003; Strigari et al. 2007b). However, an-
idenced by the “giant stream” structure (lbata et al. 2001a) other possibility is that currerkCDM cosmological simu-
and Spitzer MIPS imaging has revealed a nearly circular, lations lack the physics and/or resolution necessary to form
~ 10 kpc star-forming ring that may have been triggered by disks. Indeed, more recent, higher resolution studies with
a past disk interaction (Gordon et al. 2006). Particularly in- new astrophysical inputs have been more successful (e.g.,
triguing is the extended 40 kpc disk-like configuration of \Weil et al. |1998;| Thacker & Couchman 2001; Abadi et al.
stars around M31 (Ibata etlal. 2005). This extended “disk” 12003; | Sommer-Larsen etlal. 2003; _Governato et al. 12004;
component is clumpy, but possesses a relatively low veloc-Brook et al. | 2004;| Robertson et el. 2004; Governato et al.
ity dispersion,~ 30 kms?. It lags behind the rotation ve- [2007). Nonetheless, the problem of disk galaxy formation
locity of the standard M31 disk by 40 kms?! and con- within a hierarchical cosmology is far from being resolved,
tains intermediate age stars similar to those of the thick diskand any successes are strongly dependent on poorly under-
of the MW (Brown et all 200€; Faria etlal. 2007). Recently, stood subgrid physics.
Pefarrubia et all (2006) have investigated models where this Additionally, despite the continuing increase in dynamic
structure is formed by a co-planar, near-circular accretionrange, limited numerical resolution renders current cosmolog-
event. Though observations of stellar halos and thick disksical simulations inadequate to address fully problems that en-
in more distant galaxies are extremely challenging, deepcompass the enormous range of dynamical scales involved in
imaging and star-count investigations have also revealed thastudies of satellite-disk interactions. Given this fact and the
these faint structures are likely ubiquitous (€.9., Sackett et al.uncertainties regardingb initio formation of disk galaxies,
1994 Dalcanton & Bernstein 2002; Zibetti & Ferguson 2004; we are motivated to explore the interplay between CDM sub-
Dalcanton et al. 2005; Yoachim & Dalcanton 2006; Barth structure and galactic disks usiagntrolled N-body simula-
2007; de Jong et al. 2007a). tions. Such investigations can have profound implications for
The over-abundance of substructure in MW-sized dark mat-our current understanding of galaxy formation and evolution.
ter halos has received a lot of attention in the literature, Our work is informed considerably by many past numer-
particularly regarding the problem of the “missing” galactic ical investigations into the resilience of galactic disks to in-
satellites |(Klypin et al. 1999; Moore etlal. 1999; Stoehr et al. falling satellites/(Quinn & Goodman 1986; Quinn et al. 1993;
2002; | Zentner & Bullodkl 2003] Kazantzidis ef al. 2004b; Walker et all 1996; Huang & Carlberg 1997; Sellwood et al.
Kravtsov et al. 2004; Mayer etial. 2007; Strigari et al. 2007a).11998;| Velazquez & White 1999; Font et al. 2001; Ardi et al.
It is important to emphasize that the satellites that will be [2003; Gauthier et al. 2006; Hayashi & Chiba 2006) and we
most crucial for altering disk morphologies will be the few present a more direct comparison to these studies in a com-
most massive systems of the entire population that are dispanion paper (Kazantzidis et al. 2007, Paper Il). Successes
tinctly outside of the regime relevant to the substructure prob-notwithstanding, a significant fraction of these earlier numer-
lem. Indeed, it can be shown that in the impulsive heating ical investigations had the drawback of not being fully self-
approximation the tidal effects of a subhalo population scale consistent, modeling various components of the primary disk
asdE/dt o< [n(Msa) M2, dMsa, Wheren(Msa) and Mg are galaxy and sometimes also the satellites as rigid potentials,
the number density of satellites and satellite mass, respecand focusing on experiments with infalling systems on nearly
tively (White2000). Since cosmological simulations predict circular orbits which are poor approximations of the highly
that the mass function of CDM halos can be described by aeccentric orbits that typify the trajectories of CDM substruc-
power law,n(Msa) o< Mg, with o ~ 1.8-1.9 (Ghigna etal.  ture.
1998; Gao et al. 2004), the dynamical effects on stellar disks Moreover, most of the numerical work published to date
will be dominated by the most massive substructures expecteadonsidered the encounters aingle satellites with larger
to be luminous. Therefore, of concern are not the “missing” multi-component disk galaxies. Notable exceptions are the
or “dark” subhalos, but rather the LMC and SMC-sized ob- studies of Font et all (2001) and Gauthier etlal. (2006), who
jects that fell into the disk over the past8 Gyr and that  utilized the present-day properties of a large ensemble of
are now (presumably) dispersed throughout the Galaxy as partlark matter subhalos in order to investigate the dynamical
of its stellar halo (e.g., Bullock & Johnsion 2005; Abadi et al. effects of substructure on stellar disks. However, satellite
2006). populations possess vastly different properties at earlier times
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(e.g., Zentner & Bullock 2003; Gao et/al. 2004; Zentner et al. ments to model the impact of these accretion events on the
2005a) and investigations based on #he0 substructure do  structure of a MW-type thin disk galaxy. Sectioh 3 contains
not account for previous encounters of since disrupted sys-results from this simulation campaign pertaining to the global
tems with the disk. Elucidating the effects of CDM substruc- morphological evolution that infalling CDM satellites can in-
ture on galactic disks clearly requires a more realistic treat-duce in stellar disks. Implications and extensions of these
ment of the evolution of the subhalo populations. findings are discussed in Sectign 4. Finally, in Sediion 5, we
Our numerical experiments extend and expand upon thosesummarize our main results and conclusions. Note that in the
of earlier studies in at least three major respects. We adopt foremainder of the paper we use the terms “satellites,” “subha-
the first time a model in which the subhalo populations are los,” and “substructures” interchangeably.
truly representative of those accreted and possibly destroyed
in the past, instead of the= 0 surviving substructure present 2. NUMERICAL METHODS

ina CDM halo. In partlcular, our me'ghod tracks the hos_t halo  The main goal of the present study is to investigate the mor-
accretion events since= 1, and as discussed below, this re- ynological signatures created by the gravitational interaction
sults in a considerably larger number of important satellite- petween a population adark subhalos and a thin galactic
disk interactions than previously considered. Second, we emisk. \We begin this section by describing cosmological nu-
ploy self-consistent satellite models whose masses, internalerical simulations of the formation of four MW-sized ha-
structures, and orbital parameters are directly extracted fromgg in the concordancACDM cosmological model. In § 2.2
high-resolution cosmological-body simulations of galaxy- e analyze these simulations to quantify the frequency with
sized CDM halos. This element of the modeling allow us to \yhich massive subhalos approach the very central regions of
model the internal properties and impact parameters of the inyneijr hosts, where the galactic disk presumably lies. We iden-
falling systems without the need for arbitrary choices. tify one of these host halos, and in § 2.3 we extract from it
Finally, the primary disk galaxy models are motivated by the properties of individual substructures for subsequent con-
the prevailingACDM paradigm of structure formation and  g|ied re-simulation. To be specific, we derive the orbital
are derived from explicit distribution functions. In addition, parameters, masses, density profiles, and accretion times of
they are flexible enough to permit detailed modeling of ac- sgjected satellites from the cosmological simulation and use
tual galaxies including the MW and M31. In the present these properties to initialize controlled numerical simulations
study we adopt a model that satisfies a broad range of ob-f syphalo-disk encounters. This allows us to connect the cos-
servational constraints available for the MW galaxy. The mg|ogical evolution of a MW-sized CDM halo with the evo-
self-consistency of the galaxy models in synergy with the |ytion of a thin, stellar disk. In § 2.4 we introduce the pri-
adopted high-resolution allows us to construct equilibriém mary galaxy models and the numerical methods we employ
body models of disk galaxies that are as thin asdliethin to construct them. Finally, in § 2.5 we describe in detail our
stellar disk of the MW with arexponential scale height of  gimyjation techniques as well as the controlled numerical ex-

h; ~0.25+0.05kpc (e.g.. Kent et al. 1991; Dehnen & Binney periments of the adopted halo merger history.
1998; Widrow & Dubinskl 2005). It is worth noting that the

great majority of past investigations (elg., Velazquez & White
1999;| Font et al._ 2001) consider@ttbody models of disk i )
galaxies that were much thicker compared to the old, thin The cosmological halos we analyze come from two dif-
disk of the MW. As we demonstrate in Paper II, owing to their ferent simulations that were performed using the Adaptive
larger vertical velocity dispersions, thicker disks are relatively Refinement Tree (ARTN-body code(Kravtsov et al. 1997;
less affected by encounters with satellites compared to theifKravtsov. 1999). Both simulations assume a fi@DM cos-

thin counterparts. mology with O, =1-0, =0.3, O =0.043, h=0.7 and

We model the infalling systems as pure dark matter sub-os =0.9. ) ) )
halos and do not follow the evolution (or deposition) of the ~ The first simulation followed the evolution of three MW-
stars in the accreted systems. Our focus, in this study, is Sized halos within a cubic volume of zsll\_/lpc on a side
on the evolution of the stellar material in an initially-thin using the multiple mass resolution technique described in
disk. We demonstrate that a thin disk component may sur-Klypin etal. (2001). We denote this simulation “L25" and
vive, even strongly perturbed, significant bombardment by the halos as “@', “G>", and “Gs". The mass resolution in
halo substructure and show that a number of (sub-dominantjhe vicinity of each system was, ~ 1.2 x 10° ™M, corre-
low-surface brightness features arise in response to these ersponding to 102%particles over the entire computational box,
counters. The resulting morphological signatures resembleand the simulation achieved a maximum spatial resolution
the complex faint structures that are seen in the MW, M31, of 191 h™*pc. Various properties of the L25 halos and their
and in other nearby and distant disk galaxies. Our work sug-substructure have been discussed previously_ in Klypin et al.
gests that complex stellar components such as the Monocero001)/ Kravtsov et all (2004), and Zentner etlal. (2005b).
Ring in the MW and extended M31 disk may arise naturally ~The second simulation followed the evolution of a single
as disk stars are tidally heated by infalling halo substructureMW-sized halo in a cubic volume of 267 *Mpc on a side
of the kind predicted by thehCDM paradigm of structure  using the same multiple mass technique. We refer to this sim-
formation. These findings highlight the substantial role of ulation as “L20” and the halo as 4G The maximum spatial
CDM substructure in setting the observable structure of galac-resolution for L20 was 158 pc and the mass per particle
tic disks and driving galaxy morphological evolution. within the region of halo Gwasm ~ 6.1 x 10° ™M, cor-

The outline of this paper is as follows. In Sectidn 2 we responding to 10Fparticles in the entire volume. The L20
use cosmological simulations to study substructure propertiesMW halo has been discussed previously in Pradalet al. (2006),
and accretion statistics in four MW-sized CDM halos, select and Gnedin & Kravtsov (2006).
target subhalos from one halo merger history for subsequent We define virial massesM,i;, and radii, ry;y, for each
re-simulation, and describe the controlled numerical experi- host halo atz = 0 according to a fixed overdensity = 337

2.1. Hierarchical Cosmological Smulations
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with respect to the mean density of the univergg,cen- fr = rvir/Rn. Here,Ry = 2445 kpc andMy, = 7.35x 101M,
tered on the particle with the highest local density. This are the dark halo tidal radius and the dark halo mass interior
implies that virial mass and radius are related My, = to this radius of the primary MW galaxy model, which we
4rAprd. /3. Halos G through G have virial masses use in the controlled satellite-disk encounter simulations de-
Myir =~ (1.5,1.1,1.1,1.4) x 102 ™M, and virial radiiryj, ~ scribed in 82.5. The mass of the disk in this galaxy model is
(234,215,216,230)h"tkpc. Halos G and G are neighbors ~ Maisk = 3.53x 10"%M, ~ 0.048M,, and we use this number
located approximately 42@'kpc from each other in a con-  to characterize the importance of disk impacts in the figures
figuration that resembles that of the Local Group. Halo G below. Detailed description of the primary disk galaxy model
is relatively isolated and is- 2 Mpc away from the G-G3 will be given in 82.4.
pair. All three of these halos accrete only a small fraction of  The left panel of Figuréll shows cumulative mass func-
their final masses and experience no major mergezsat tions of substructures with different orbital pericenters that
(a look-back time of< 8 Gyr), and therefore may reasonably approach the central regions of their hosts, where the galactic
host a disk galaxy. Moreover, their merger histories do not disk presumably lies. The mass functions are averages over
appear to be extreme compared to the expected spread in hafall four MW-sized host halos in the cosmological simulations
accretion histories measured in simulations with better statis-that we analyze. Satellite masses are measured at the epoch
tics (e.g.. Wechsler et &l. 2002). We have chosera& our closest to when the subhalo first crossed inward a (scaled)
fiducial case for the satellite-disk interaction experiments de-infall radius ofriys = 50 kpc from the host halo center. We
scribed in §2.5. define this to be the epoch that our controlled simulations ini-
In order to construct mass accretion histories of the host ha-iate. The radius;y is used to select infalling satellites that
los and orbital trajectories of the accreted subhalos, we iden-are likely to have a substantial effect on the disk structure.
tified hosts and substructures at a large number of simula-Subhalos that remain on the outskirts of the halo will not af-
tion outputs up to a redshift of approximatelys 10. We fect the disk as significantly. We refer to satellite properties at
used 96 available simulation outputs in this interval for L25 the simulation output time nearest to the first inward crossing
and 148 for L20. We identified halos using a variant of the Of rint Several times in what follows.
Bound Density Maxima algorithm which has been discussed The pericenters associated with these subhalos are esti-

extensively in the literatufe(Klypin et all[1999). Virial radii ~ mated from the equivalent Keplerian orbits in the spherically-
are meaningless for subhalos so their radii (and masses) argveraged density profile of the host. Many of these satel-
defined using an outer “truncation” radiugu,.. Here we  lites are no longer present at= 0 due to disruption, but

adoptryunc as the radius at which the logarithmic slope of the were present at some earlier epoch. We also note that these
spherically-averaged density profile of the subhalo exceedgnass functions are constructed taking into account that a sin-
a critical value, dlm(r)/dInr|,,,.. = -0.5. This criterion is  gle distinct object may pass the host halo center multiple
based on the fact that field halo profiles are never shallowertimes sincez = 1. This panel serves to illustrate that in-
than this value, and because this definition empirically yields teractions of massive subhalos with the center of the host
a good approximation to the subhalo tidal radig, where potential where the galactic disk resides sizce1 should

the background density of the host halo equals the density ofo€ common occurrences in the standa@DM cosmologi-
particles bound to the subhalo. We note here that the sphercal model. Indeed, in the adopted cosmologys systems

ical approximation for substructures is fairly well justified With massedsus 2 0.2Mgisk cross through the central region
(Moore et all 2004; Kazantzidis et al. 2006) and that the outer('peri < 20 kpc) of a MW-sized halo overa 8 Gyr period.

profiles of subhalos typically fall off with dIp/dInr < -3 so On the other hand, by examining theesent-day substruc-
that the bound mass converges well before the formal truncature population of a MW-sized halo one would be led to be-
tion radius is reached. lieve that close encounters of massive subhalos with the galac-

The procedure for tracking subhalo orbital trajectories was tic disk are very rare: on average, 1 system more mas-
developed i Kravtsov et al. (2004) and we briefly summarize sive than 0lMg;sk is expected to be on a potentially dam-
it here for completeness. The progenitor for each subhalo at éging orbit withrpe < 40 kpc atz=0. The difference be-
given timestep is selected using the 25% most bound particlestween the properties of subhalo populations that were ac-
We search a previous output timestep for the halo with thecreted in the past and those corresponding to the surviv-
highest common fraction of these particles and declare thising systems is not surprising. Subhalos on highly eccen-
system to be the primary progenitor. Many examples of suchtric orbits that pass closest to the host halo center are pre-
tracks for the L25 halos and a more complete description ofCisely those that are most likely to lose a large percentage
our methods and their tests are giveh in Kravtsov et al. (2004)of their mass or become tidally disrupted after pericenter

and Zentner et all_ (2005b). crossing (e.g., Zentner & Bullock 2003; Kravtsov et al. 2004;
Gao et all 2004; Zentner et'al. 2005a). As orbiting substruc-
2.2. Encounters of CDM Substructures with Galactic Disks tures continuously lose mass, the fraction of massive satellites

that interact with central disks and are likely to have a signifi-
cantimpact on the disk structure declines with redshift so that
few remain byz=0.

The right panel of Figurel 1 presents orbital eccentricity dis-

We begin by demonstrating that the O properties of sub-
halo populations are strongly biased relative to tigory
of central encounters since a redshift 1. Figure[1l shows
mass functions and orbital eccentricity distributions of sub- {ribUtions R = per/Tape) fOr SUbhalOs wittMuy > 0.05Meisk

structure populations within the halos-G,4. For this pre- eraced over the same cosmoloaical simulations. As in the
sentation, we have scaled the masses and orbital radii of aIFV gedov gical simufations. As

subhalosil — f,M andr — f,r) in order to normalize them eft panel, results are presented for systems that have had dif-
m r

; PR ferent pericenter crossings sinze= 1. We also show the
to a single host halo mass and radiuf; = Myr/Mn and eccentricity distribution forall subhalos identified at = 0.

7 For completeness, we usaghg = 5 h-lkpc andring = 25 h-lkpc as the  11IS IS consistent with previous studies reporting a median
search radii in the L25 and L20 simulations, respectively. apocenter-to-pericenter ratio ofpo/rperi = 6/1 for present-
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Fic. 1.— Left: Cumulative mass functions of subhalos that approach the central regions of their hosts averaged over four MW-sized halos formed in the
ACDM cosmology. Uppethin lines present results for objects that have had pericenter crossings withilotiel); 20 (solid), and 40 kpc dashed) since a
redshiftz= 1. The masses are defined at the simulation output time nearest to the first inward crossing of a sphere of radius 50 kpc (in the rescaled units of the
controlled simulations) and the pericenters are computed from interpolated orbits between timesteps of the simulation outputs.tfiblelloe®correspond
to the (surviving) subhalos identified at 0 with pericenters of peri < 40 kpc ashed) andrperi < 20 kpc €olid). These pericenters are also estimates based
on the equivalent Keplerian orbits in the spherically-averaged density profile of the host. CDM models predict several close encounters of massive subhalos with
the galactic disk since= 1. In contrast, extremely few satellites in present-day subhalo populations are simultaneously massive enough and characterized by
small orbital pericenters to have a profound effect on a galactic &ight: The distribution of orbital pericentric-to-apocentric distance rafivs; rperi/rapQ
for subhalos withMg,p > 0.05Mgisk. Line types forthin lines are as in the left panel. Tligck dot-dashed line corresponds to the eccentricity distribution for
all substructures a = 0. Objects that have penetrated deep enough to encounter a central disk are on more radial orbits compared to those that belong to the
present-day subhalo population. Note that in both panels, all units are relative to the re-scaled units of the controlled satellite-disk encounter sinfuldtions of § 2.5.

day substructure populations (elg., Ghigna gt al. 1998). The After computing the orbital tracks of all subhalos relative to
plotilluminates another bias in the properties of different sub- the center of the primary host halq Gve record all satellites
halo populations: objects that penetrate deep into the center othat cross within a (scaled) infall radius igfi = 50 kpc from
the host potential are on fairly radial orbits, Witheri/rapo S the host center since= 1. For our re-simulation campaign,
0.2, compared to the overatl= 0 subhalo population. Itis  we focus on subhalos that are a significant fraction of the disk
also worth noting that circular orbits appear to be far from the mass, but not larger than the disk itself. Figlle 1 illustrates
norm for systems that sink into the central parts of halos andthat, on average, a MW-sized dark matter halo will havi
interact with galactic disks. object more massive théfy;sk, and~ 5 objects more massive
While not demonstrated explicitly in the panel discussed than 02Mg;sk cross within the central 20 kpc sinze 1. In the
above, we find that the orbits of subhalos infalling since present study we select satellites witBMgisk < Msat < Mgisk-
z~ 1 are consistent with isotropic infall from a radius of The choice of fairly massive subhalos is motivated by the
50 kpc. Itis known that infall from larger radii is not isotropic  fact that they dominate the tidal heating rate by substructure.
(Knebe et al. 2004; Zentner etial. 2005b). However, given theNeglecting extremely massive satellites with;: > Mgisk is
limited statistical leverage of our sample and our neglect of conservative in this case, because we aim to study the more
baryonic components in shaping substructure orbits we aresubtle features about a relatively well-preserved disk galaxy
unable to make a more general statement regarding the direcsimilar to the MW or M31. Such massive systems may well

tionality of satellite infall onto the disk. destroy or considerably alter the morphology of the disk com-
ponent. In addition, very massive satellites would add sub-

2.3. Selection Criteria and Properties of Smulated stantial number of their stars to the disk thereby significantly
Cosmological Satellites affecting its morphology and appearance. We investigate the
The primary aim of this work is to investigate the morpho- 9eneral robustness of thin disks to encounters with systems
logical signatures that arise from/eCDM-motivated satel- More massive than the ones considered here in a forthcoming

lite accretion history. While in the previous section we have Study. ) o ) .
addressed the characteristics of entire subhalo populations The final selection criterion is related to the orbital pericen-
within host halos G-G,, here we describe the properties of ters of satellites. To be specific, frpm the sample of selected
theparticular set of infalling CDM substructures that we use Subhalos, we choose systems which cross the central region
as the basis for the controlled subhalo-disk encounter simu-0f halo G with rpeii S 20 kpe. Small pericenters are essen-

lations below. We choose to focus on the satellite accretiontial in order for satellites to be regarded as potentially effi-
history in host halo Gdiscussed in § 2.1. cient perturbers. The imposed selection criteria result in six
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accreted substructures, which we denote S1-S6, to simulate

OVEI‘&%SGyrperIOd JH‘ T T \\\\H‘ T T T TTTT
One of the advantages of the present study is that the *%% ACDM subhalos

adopted subhalo models are comparatively free from assump- best fit

tions associated with their internal structure. All previous nu- est 11

merical investigations of satellite-disk interactions employed 1

satellite models with poorly-motivated density profiles rang-

ing from densey-models to low-concentration King profiles  *

and truncated Navarro etlal. (1996, hereafter NFW) models.>_

The contrast between low- and high-density satellites was pri- =

marily emphasized by Huang & Carlberg (1997) who argued o

that the latter survive tidal stripping and are accreted onto the = -

disk, whereas the former are incorporated into outer halos. ™

Our approach is to extract tle=act density structures of cos- &~ -

mological subhalos and use them to construct high-resolution,=!

self-consistent satellite models for the controlled simulations

below.

Density profiles of selected cosmological satellites are com- 0.1 = ]
puted at the simulation output time nearest to when the sub- 0. Lol T
halo first passes withimy; = 50 kpc of the host halo cen- 001 0.1 1
ter. Subhalos S1-S6 show no sign of a central density | )
core and are quite cuspy down to the minimum resolved 1"/1"tid

radius, as expected from previous work (Kazantzidis ket al.

2004b). Individual infalling substructures are modeled using Fic. 2.— Cumulative mass profiles)(r), for representative cosmological

a mult-parameterd. ) density profil law((Z036 13D " sateles, o4 ano S2ars suow prafes erved Treety fon e cosmag
KraVT[SOV etal 1998.)' .A truncation in the density proﬂl_e IS hution obtained according to the method deescribed in the text (§2.3) and are
also introduced to mimic the effects of the host halo tidal field. piotted from the adopted force resolutionr42 = 300 pc) outward. In order
This function allows a range of inney, and outer3, slopes to emphasize the quality of the fit, we plot the quankitgr) /r on the vertical
across a it soale radius, and includes a sharpness parame- & lher M), Messes oo ad) re nomeleec o e bound mase
ter, a, to control the nf"‘tur,e of the transm_on bet\,’ve,en the two pr%’file correspondingt;ldfo the lower curvé is \F/)erticallilll shifted dg\}vnward by
regimes. The normalization of the density profile is set by a 0.5 dex. The adopted procedure ensures that the satellite models employed in
characteristic inner densitys_ From a practical perspective, this study are initialized according to the density structure of subhalos found
truncating the profiles sharply for> ryq, whererq denotes ~ in high-resolution cosmologicai-body simulations.

the tidal radius of the satellite, results in models that are out

of equilibrium. Following Kazantzidis et al. (2004b), we im-

plement an exponential cutoff in the profile of each subhalo energy per unit masg&. Numerical models of infalling sub-
which sets in at the tidal radius and ensures that forrygq structures are then readily generated by randomly sampling
the density of self-bound satellite material falls off sharply. the particle positions and velocities from this unique DF. A
This procedure results in some additional bound mass beyondtritical reader may note that satellites in the present study are
ria, the precise amount of which depends upon the adoptednodeled under the assumptions of spherical symmetry and an
model parameters. In the models considered here, the massotropic velocity dispersion tensor even though cosmological
exterior toryq is typically only about- 2% of the bound mass  halos exhibit strong departures from spherical symmetry and
for each subhalo. velocity isotropy (e.gl, Cole & Lacay 1996).

While it is cumbersome to present the detailed fits for each  While this is generally correct, it has been shown that mass
selected cosmological satellite here, we report that they ex-oss processes (tidal stripping and shocking) inside a host po-
hibit NFW behavior in their central parts being very well ap- tential drive substructures toward shapes that are nearly spher-
proximated by a steep inner cuspugf) o< r ™. In contrast, the ical in both configuration and velocity spade (Moore ét al.
NFW profile does not provide an accurate description of the|2004;| Kazantzidis et al. 2006). Therefore, the assumptions
internal structure of subhalos at intermediate and large radiiof spherical symmetry and velocity isotropy for subhalos
in agreement with previous numerical studies (Ghignalet al. adopted here are well-grounded. Finally, the masses, posi-
1998;| Kazantzidis et al. 2004b). In all cases, the asymptotictions and velocities of each selected satellite are scaled in
outer slopes are found to be much steeper than This is order to correspond to the same fractions of virial quantities
attributable to the fact that tidal stripping from the host halo My, rwir, andVy;, respectively, in both the parent CDM halo
removes the outer parts of the orbiting satellites steepeningand in the primary galaxy model.
their density profile. The best-fit values vary frgir= -3.7 For each satellite model, we generateNubody realiza-
to 3 = —4.2 suggesting that subhalos are better represented byion containing\s:= 1P particles and employ a gravitational
thelHernquist (1990) profile in their outer parts in agreement softening length ots;= 150 pc. This choice enables us to
with|Ghigna et all.[(1998). to resolve density structures down+ol% of the tidal radius

We follow the procedure outlined in_Kazantzidis et al. of the simulated systems. The adopted particle numbers and
(2004a) to construct self-consisteMd;body realizations of  force resolution are sufficient to resolve mass loss processes
satellite models. This method is based on calculating the ex-inside a host potential (Kazantzidis etlal. 2004b).
act phase-space distribution function (DF) for a given density In what follows, we examine whether the generous al-
profile through an Abel transform. For the purposes of our lowance for density profile shapes we considered here can
study, we assume that the DF depends only on the bindinggive an accurate representation of the density structure of cos-
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TABLE 1
PROPERTIES OF THESATELLITE MODELS

tacc d I'tid Vmax ~ Imax 0
Model Zacc (Gyr) (Kpc) Msay/Maisk (kpc) (kms?) (kpc) Ioeri/Rd Tapo/Ra (°) r;eri/Rd
“m @ 6 @ (5) ® @O @6 © (100 (1) (@12

S1 Q9% 7.6 452 0.33 248 424 69 26 177 933 12
S2 089 73 407 057 215 598 81 26 157 866 12
S3 054 53 340 0.42 230 503 76 6.2 197 451 35
S4 032 36 288 0.45 196 411 41 05 103 599 14
S5 020 24 503 0.22 273 415 57 37 343 1177 26
S6 011 14 505 0.21 232 388 37 11 216 1445 19

NoTEs.— Columns (2)-(10) refer to the properties of cosmological satellites recorded in the simulation output time closest to first crossing within a sphere
of radiusriys = 50 kpc from the center of host haloyGCol. (1): Satellite model. Col. (2): Redshift at which satellite properties were computed. Col. (3):
Look-back time in units of Gyr corresponding to the redshift of Col. (2). Col. (4): Satellite distance from the center of the host halo in kpc. Due to the finite
spacing of simulation outputs this distance differs from 50 kpc. Col. (5): Bound satellite mass in units of the mass of Mgisk3.53 x 101°M,, used

in the controlled satellite-disk encounter simulations. Col. (6): Tidal radius in kpc. Col. (7): Maximum circular velocity h kbes. (8): Radius at which

the maximum circular velocity occurs in kpc. Col. (9): Pericentric radius of the orbit in units of the radial scale length of tiig &igk82 kpc, used in the
controlled simulations. Col. (10): Apocentric radius of the orbit in unit®ef Col. (11): Angle between the angular momentum of the satellite anihitfe

angular momentum of the disk in degrees. This angle is defined sé th&0° represents an orbit that starts off near the pole of the disk90° implies a

prograde orbit, and > 90° corresponds to a retrograde orbit. Col. (12): Pericentric radius of the orbit in urfRg cdiculated directly from the controlled
simulations. This is to be compared with Col. (9).

mological subhalos. Figufé 2 presents cumulative mass pro2005) and 21 x 10°M, (Mateo 1998), respectively. The mass
files,M(r), of characteristic cosmological satellites S1 and S2 of satellites S1-S6 corresponds to the upper limit of the mass
along with representations of their internal structure obtainedfunction of observed satellites in the Local Group.
using the density laws discussed above. Specifically, we plot Another important characteristic of the infalling subhalos is
the quantityM(r)/r, where masses and radii are normalized their spatial extent. Specifically, they are very extended, with
to the bound mass and tidal radius of each satellite, respecr;q = 20 kpc, so of comparable size to the disk itself. This
tively. This choice scales out the gross dependence of thdact suggests that the precise pericenter or angular momentum
mass profile on radius and shows the acceptability of the fitvector of the orbit may not be particularly important in driv-
better. Figurd 2 demonstrates that the satellite models thaing the disk response. We discuss this point in more detail in
will be used in the numerical experiments of satellite-disk in- Paper Il. Note that with the exceptions|of Font etal. (2001)
teractions are initialized according to the internal structure of and Gauthier et al. (2006) all previous studies of satellite-disk
subhalos found in high-resolution cosmologithbody sim- interactions modeled exclusively thempact, baryonic cores
ulations. of the infalling satellites neglecting the more diffuse dark mat-
Table[1 provides a summary of the infall times, orbital pa- ter component. Thus, it remains uncertain whether these ear-
rameters, and internal structures of cosmological subhalos S1her investigations accurately captured the amount of global
S6 that we study in the numerical experiments of satellite-disk morphological evolution that accreting subhalos can induce
interactions. Columns (2)-(10) list parameters extracted di-in cold stellar disks.
rectly from the cosmological simulation of host halg, @nd Table[1 also shows that the majority of infalling satellites
used as initial conditions in the controlled numerical exper- are on fairly eccentric orbits with apocenter-to-pericenter ra-
iments. We remind the reader that the structural propertiestio of rapo/rperi > 6. Interestingly, satellites S4 and S6 appear
for each subhalo were measured at the simulation output timeto be on highly radial orbits witapo/rperi ~ 20. Moreover,
closest to the first inward crossing of a sphere of radius 50 kpcas we stated earlier, our satellites are consistent with isotropic
(in the rescaled units of the controlled simulations). Severalinfall but the sample size is insufficient to provide significant
interesting findings regarding the properties of the simulatedlimits on anisotropic infall. Despite this fact we note the exis-

satellites can be read from the entries in this table. tence of an adequate variety of recorded orbits ranging from
First, the 6 different satellite models cover the mass rangepolar (S1,S2) to prograde (S3,54) to retrograde (S5,S6).
0.21 < Msay/Mgisk < 0.57, whereMgisk = 3.53 x 10'0M is the Finally, the orbital pericenters of the infalling systems mea-

mass of the stellar disk used in the controlled satellite-disk sured directly in the satellite-disk encounter simulations are,
encounter simulations that we describe below 2.5. Thisin most cases, smaller by a factor©f2 compared to those
mass range corresponds t@d % 10° < Mga/Mg < 2 x 10t° calculated from the cosmological simulation, although there
As we stated earlier, this mass regime is considerably largerare cases where the former are larger (S4 and S6). Several
than the regime of relevance for the missing galactic satel-reasons may be responsible for these discrepancies. First, the
lites problem £ 10°M.,). As a comparison, the Large Mag- presence of the disk in the controlled simulations provides a
ellanic Cloud (LMC) and M32, the largest dwarf companions larger central potential compared to the dark halo alone. Sec-
of MW and M31, have an estimatédtal present mass of ondly, the pericenters measured in the cosmological simula-
2 x 10'%M,, (e.g.,.Schommer et dl. 1992; Mastropietro ét al. tions are computed from the equivalent Keplerian orbits be-
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cause the spacing of the simulation outputs makes several esvherep, anda, are a characteristic inner density and scale
timates of pericenters directly from orbital tracks rather poor. length of the bulge, respectively. In analogy to the treat-
However, we argue that thgbobal disk morphological signa- ment of the halo, the inner density of the bulggis ex-
tures we report in this study are not sensitive to the magni-pressed in terms of a characteristic velocity dispersign
tude of this difference in pericenters. The reason is that, asp, = 02/27GaZ. Similarly, the modeling of the stellar bulge is
long as a central encounter takes place, the subhalos are scomplete once the tidal radius parame#gr,which controls
extended that their dynamical effects are felt across the entirehe outer edge of the bulgl,, and the rotation paramete,,

disk nearly independently of the exact value gfi. are specified.
) ) The stellar disks are assumed to be axisymmetric with
2.4. Primary Disk Galaxy Models density profilespq = pg(R,2) and DFs which are adopted

With the notable exception of Gauthier et dl. (2006), all directly from the self-consistent disk galaxy models of
previous numerical investigations of satellite-disk interac- Kuijken & Dubinski (1995). The surface density profile fol-
tions used approximate schemes for buildddody mod- lows an exponential distribution in cylindrical radiRswhile
els of disk galaxies. In our study we employ the method the vertical structure is modeled by constant-thickness self-
of Widrow & Dubinski (2005) to construct numerical realiza- gravitating isothermal sheets (Spitzer 1942)
tions of multi-component disk galaxies consisting of a thin z
stellar disk, a central bulge, and an extended dark matter halo. pd(R,2) o exp<——) sectf <—) : (3)
These galaxy models are derived from explicit DFs for each
component and thus represent axisymmetric, equilibrium so-whereRy andzy denote the radial scale length and vertical
lutions to the coupled collisionless Boltzmann and Poissonscale height of the disk, respectively. We emphasize that in
equations. Because of that, this technique allows us to set ughe model formulation the vertical distribution of disk stars is
thin, equilibrium disk galaxies without instabilities and tran- described by a seéliunction. Note that foz > z;, the sech
sient effects that can be present in other simpler approximatdaw mimics an exponential profile with scale heights zy /2.
schemes (e.gl, Hernauist 1993). The Widrow & Dubinski The construction of the stellar disk is also characterized by
(2005) galaxy models are specified by a large number of pa-a truncation radiusR,., and by the parameteiRou, which
rameters that permit detailed modeling of actual galaxies suchcontrols the sharpness of the truncation.
as the MW and M31 by fitting to observational data sets. The disk phase-space DF is fully determined once the ve-

For our experiments, we choose their best-fit model MWhb, locity ellipsoid of the disk is specified. The radial veloc-
which satisfies a broad range of observational constraintsity dispersion, or(R), is assumed to be exponential with
available for the MW galaxy with simultaneous fits to the in- o&(R) = o&,exp(-R/R4), whereogy denotes the central ra-
ner and outer rotation curve, bulge velocity dispersion, ver- dial velocity dispersion. The disk azimuthal dispersion,
tical force in the solar neighborhood, and total mass at largecs(R), is related toogr(R) via the epicycle approximation
radii. The stellar disk never dominates the rotation curve of (Binney & Tremaing 1987), while the vertical velocity disper-
model MWhb. Direct numerical simulations confirm its stabil- Sion,o, is set by the requirement that the adopted value of the
ity against bar formation for 10 Gyr. In what follows, we give scale heighty is maintained in the total potential of the galaxy
an overview of the parameters and setup, but refer the reademodel. In all, the density and phase-space DFs for the three
to[Widrow & Dubinski (2005) for a detailed discussion. galactic components are characterized by 14 free parameters

The[Widrow & DubinsKi (2005) disk galaxy models com- which may be tuned to fit a wide range of observational data.
prise an exponential stellar disk, a Hernquist model bulge Given a choice of these parameters, the Widrow & Dubinski
(Hernquist 1990) and an NFW dark matter halo. The halo (2005) technique uses an iterative scheme to calculate the

density distribution is given by composite DF and produce equilibriun-body models of
oh disk galaxies.

oNFPw(r) = —————— 1) The simulations reported here ublg = 10° particles in

(r/rn) (1+r/rn) the disk,N, = 5 x 10° in the bulge, and\, = 2 x 10° in the

wherepy, is a characteristic inner density, anddenotes the ~ dark matter halo, and employ a gravitational softening of
scale radius of the profile. For convenience, the inner den-¢d = 50 pe,ep = 5.0 pc, ands, = 100 p, respectively. _Mass
sity pn is expressed in terms of a characteristic veloejty ~ 2nd force resolution are adequate to resolve the vertical struc-
pn = o /4nGrZ, with G being the gravitational constant. The ture of a thin stellar disk and minimize artificial disk heating
NFW density profile is formally infinite in extent with a cu- through interactions with the massive halo particles.

mulative mass that diverges as— co. In order to keep the Physical and numerical parameters for each of the compo-
total mass finite, it is necessary to truncate the profile. In NeNts of the adopted primary galaxy model MWb are listed
practice, this is accomplished by introducingamergy cut- N Table 2. The best-fit value of the solar radius and the
off which is described by the halo tidal radius paramefgr, ~10tal circular velocity of the galaxy model there are given
(0 < &< 1). This parameter controls the tidal radius of the _by Ry ~8 kpc and\/_c(R@_) A 234 km S_' respectlvely._ The
halo,R,, which represents the outer edge of the entire system.Nitial disk scale height is equal ® = 400 pc, consistent
For model building a natural choice for the valueSgfwould with the o_bserved value fpr the old, thin stellar disk of the
be the one for which the resultir®, becomes roughly equal MW obtained with a \{a}net){ of methods (e.q., Kentetal..
to the cosmologically motivated virial radius;. Finally, ar- ~ +991; LDehnen & Binney 1998 Mendez & Guzman _1998;

bitrary amount of rotation controlled by the parametgcan  Larsen & Humphreys 2003). Observational evidence (e.g.,
be ad){jed to the halo modely{(= 1/2 imglies r?o rotatioﬁn). Quillen & Garnett 2000; Nordstrom etlal. 2004) indicates that

The bulae follows the H i<t (1990) densit fil the scale height of the thin disk of the MW has not changed
© bUige Toflows ermnquist ) density profile significantly over the period modeled in this studyJ 1).
pu(r) = Po 5 (2) Therefore, it is reasonable to initialize the stellar disk with
(r/ap) (1+r/ap) such thickness.
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TABLE 2 racy of the integration.
PRIMARY GALAXY MODEL PARAMETERS For all simulations, we set the base-timestep to be equal to
1% of the orbital time of the galaxy model at the disk half-
mass radius and allowed individual particle timesteps to be
Component Parameter Value at most a factor of ¥ smaller. The number of timesteps
was sufficient to accurately follow particle orbits down to the
adopted force resolution of the simulations and resolve the

Disk: vertical frequency of disk stars. The time integration was per-
Mdaisk ~ 3.53x 101°Mg formed with high enough accuracy such that the total energy
Ry 2.82 kpc was conserved to better thari® in all cases.
z 400 pc We modeled satellite impacts S1-S6 as a sequence of en-
Rout 30 kpc counters. Starting with subhalo S1 we included subsequent
ORout 1 kpe o systems at the epoch when they were recorded in the cosmo-
Q(ggoRd) 124";‘;'“5 logical simulation (TablEl1). Due to the fact that the simulated
é@ 8 kpc infalling substructures were very massive and of comparable
Ny 106 size to the disk itself they were not introduced in the simula-
q 50 pc tions directly, but rather were grown adiabatically in their or-
bits. This procedure ensures that the disk does not suffer sub-
stantial perturbations by the sudden presence of the satellite
Bulge: and change in potential at its vicinity. The mass of each satel-
& 0.21 lite was increased linearly to its final value during a timescale

b 4387 kmst that ranges betweer 150 and 400 Myr depending on the

% 088 kpc subhalo mass. The disk structure was found to evolve only
ap 0.5 X . . .

M, 118 10°Mg slightly during the growth period of each satellite. .

Ry 3.05 kpc Accreting subhalos were removed from the controlled sim-
Ny 5% 10° ulations once they reached their maximum distances from the
€b 50 pc disk after crossing, and thus any given satellite was not per-

mitted to complete a second orbit. Uniformly, these distances
were only slightly smaller compared to the starting radii of

Halo: c o1 the orbits. The accretion times of simulated subhalos S1-S6
U: 3447 kms (Table[1) were such that the disk interactahultaneously
rh 8.82 kpc with the first two satellites S1 and S2. We conducted an ad-
an 05 ditional experiment in which subhalo S2 was introduced in
My  7.35x 101Mg the controlled simulatioafter the removal of satellite S1 and
Rh 2445 kpc confirmed that the disk exhibited the same global evolution
Nh 2x10° and morphological signatures as in the standard case.
€h 100 pc In all of the experiments we performed, the satellites lost

= 80% of their mass after the completion of the first or-
bit. This justifies our decision to ignore the computation-
ally costly, but dynamically insignificant, second (subsequent)
crossing event. Note that only trself-bound core of each

The Toomre stability parameter of the disk is equal 0 g4te|jite was extracted from the simulations and not the un-
Q=2.2atR=2.5Ry, indicating that the model is stable against o ,ng material, a significant fraction of which remained in

local non-axisymmetric instabilities. This suggests that any yhe region of the disk. Removing the latter would result in
significant bar growth during the satellite-disk encounter sim- 5tenia| fluctuations that could throw the disk out of equilib-
ulations can be assumed to be tidally induced by the infalling \j,m ‘and thus interfere with the interpretation of the results.
subhalos. It is also worth emphasizing that the adopted set |, order to save computational time, when time intervals be-
of parameters give®, = 2445 kpc, a value in agreement  yyeen subhalo passages were larger than the timescale needed
with the nominal virial radius of the MW galaxy as predicted ¢, the disk to relax after the previous interaction, we in-
by CDM models of cosmological structure formation (€., troduced the next satellite in the simulation immediately af-
Klypin et all[2002). ter the disk had settled from the previous encounter. Due
_— . . i . to the complexity of the interaction, we determine this “set-

2.5. Description of Satellite-Disk Encounter Smulations tling” timescale empirically by monitoring basic properties

All satellite-disk encounter simulations were carried out us- of the disk structure (e.g., surface density, velocity disper-
ing PKDGRAV, a multi-stepping, parallel, tréd¢-body code sions, thickness) as a function of time. When these quantities
(Stadel 2001). PKDGRAV uses a spline softening length, stop evolving significantly within radii of interest € 6Ry),
such that the force is completely Keplerian at twice the quotedthe encounter is deemed complete. Changes of the order of
softening lengths, and multi-stepping based on the local ac-5-10% in disk properties were considered acceptable. We
celeration of particles. We used an adaptive, kick-drift-kick note that the limiting radius ofR& in chosen because it ini-
leapfrog integrator with individual particle time stefs§ cho- tially contains~ 98% of the mass of the disk. Typical settling
sen according ta\t; < 7(e;/a;)¥?, whereg is the gravita-  timescales correspond to 100-200 Myr after the removal
tional softening length of the particle; is the value of the  of the bound core of each orbiting subhalo. This eliminates
local acceleration, anglis a parameter that specifies the size the computational expense of simulating the disk during the
of the individual timesteps and consequently the time accu-quiet intervals between interactions.
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60 kpc

FIG. 3.— Surface brightness maps of disk stars in the simulated accretion history of hos h@ilre@dge-onupper panels) and face-onkfottom panels) views
of the disk are displayed in each frame and the color bar in each upper panel indicates the surface brightness limits used to generate the maps. In constructing
these images, a stellar mass-to-light ratio equaliigL = 3 is assumed. Bottom images are 60 kpc on a side, while top images measure 18 kpc by 60 kpc. The
left panel shows the initial disk assuming that the sequence of satellite-disk interactions initiate$. afhemiddle andright panels depict the disk after the
last satellite passage, evolved in isolation for additiona Gyr, so that the evolution of disk stars is followed fram 1 toz= 0. In the left and middle panels,
images are shown to a limit @f = 26 mag arcse@, while the right panel corresponds to a “deeper” surface brightness threshokd 20 mag arcseé. Results
are presented after centering the disk to its center of mass and rotating it to a new coordinate frame defined by the three principal axes of the total disk inertia
tensor. Considerable flaring and a wealth of features that they might falsely be identified as tidal streams can be seen in the perturbed disk 80wmeip 26
arcsec?. The existence of non-axisymmetric structures such as extended outer rings and bars after a significant amount of time subsequent to the last accretion
event confirm their robustness and indicate that axisymmetry in the disk has been destroyed and is not restored at late times.

Finally, we stress that prior to commencing the satellite- motion interfering with the interpretation of the results.
disk encounter simulations, the primary galaxy model was Finally, we underscore that there is nothing exceptional
tilted so that the disk angular momentum vector was alignedabout host halo Gas far as the properties of the subhalo pop-
with the angular momentum of the host CDM halg. G his ulations are concerned. In all other three MW-sized halos we
choice is motivated by results of cosmological simulations analyzed, substructures of similar numbers, masses, internal
suggesting that the angular momenta of galaxies and their hosstructures, orbital parameters, and accretion times were iden-
halos tend to be well aligned (e.g., Libeskind et al. 2007). tified. Though our simulation program is designed to mimic
3. RESULTS the activity in the inner halo of G the similarity of subhalo

) ) ] _populationsin all four halos suggests that the results presented
In this section we present results regarding the evolution next should be regarded as fairly general.

of an initially-thin stellar disk subject to a cosmologically-
motivated subhalo merger history. Recall that we examine the .
disk response to substructure impacts S1-S6, which are de- 3.1. Global Disk Morphology
signed to mimic a reasonabdentral accretion history for a Figure[3 depicts the evolution of the global structure of a
MW-sized halo over the past 8 Gyr. The “final” disk dis- thin stellar disk that experiences a merging history of the type
cussed in the next sections has experienced the S1-S6 encousxpected inACDM. The left panel shows the initial config-
ters and was evolved in isolation fer 4 Gyr after the last  uration of disk stars assuming that the sequence of satellite-
interaction. While this allows for relaxation after the encoun- disk interactions initiates a = 1, while the right and mid-
ters, it also ensures that all of the resultant morphological fea-dle panels show the final configurationzat 0 of the same
tures are long-lived rather than transient. Consequently, ourstars at two different surface brightness thresholds. Stellar
results are relevant to systems that exhibit no obvious, ongo-particles are color-coded by the projecsewiface brightness.
ing encounters and have been allowed to relax in isolation. In producing these images, we have assumed a stellar mass-
We compute all properties of the disk and show all visual- to-light ratio of M../L = 3 in the V-band, as would be ap-
izations of the disk morphology after centering the disk to its propriate for an old stellar population with colors relevant
center of mass and rotating it to a new coordinate frame de-for thick disks (Dalcanton & Bernstein 2002). This partic-
fined by the three principal axes of the total disk inertia tensor. ular choice produces a peak edge-on central surface bright-
The motivation behind performing both actions is twofold. ness ofu ~ 21 mag arcseé, similar to values seen in op-
As discussed in more detail in Paper Il, exchange of angu-tical surveys of nearby, edge-on, undisturbed disk galaxies
lar momentum between the infalling satellites and the disk (Yoachim & Dalcanton 2006). A different choice fof, /L
tilt the disk plane substantially over the merging history and would simply result in a dimming or brightening of these im-
cause the disk center of mass to drift from its initial position ages and subsequent figures accordingly.
at the origin of the coordinate frame. In the original coordi-  Several interesting morphological signatures of satellite-
nate frame, rotation in a tilted disk would appear as vertical disk interactions are clear from these images. First, a wealth
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FiG. 4.— Thin-thick disk decomposition analysis. Surface brightness profiles for disk stars as a function of distance above the plane af fhieediséllar
distribution is observed edge-on and results are shown for both the ihéfiapgnel) and final ¢ight panel) disk. The final disk has experienced the S1-S6
encounters and was further evolved in isolation4o# Gyr after the last interaction to ensure that is has reached a relaxed state. Different symbols correspond
to various projected radiiR| = 0,4,6,9,12 kpc, averaged between tHgR| projections abouR = 0, and within 1 kpc strips centered on each of the projected
radii. Thesolid lines in the left panel present the analytic seshrface brightness profiles of the initial thin disk with= 0.4 kpc and demonstrate a very good
agreement with results obtained directly from the particle distribut@ahid lines in the right panel show an “thin-thick” disk decomposition for the final disk,
which consists of a “thick” disk componerdgshed line) with a secR scale height ofhick = 1.6 kpc and a “thin” disk componentigtted lines) with a slightly
larger scale heightz,i, = 0.6 kpc) compared to that of the initial thin disk. The surface brightness profile of the “thick” disk is nearly independent of projected
radius forR < 9 kpc explaining the existence of only one dashed line. At small projected fB{i(6 kpc), the contribution of the thin component to the light
profile of the stellar disk is dominant for heightsS 1 kpc. As|R| increases, the situation is reversed with the thick disk component becoming prevalent. This

simple decomposition provides a reasonable description of the final digk$027 mag arcse€ and|R| < 9 kpc. At fainter magnitudes and beyoRd- 9 kpc,
the flare and other diffuse structures become important and the adopted decomposition fails to provide an accurate description of the disk structure.

of low-surface brightness features have developed both in thelirectly from the particle distribution. As we discussed ear-
plane and above the plane of the final disk as a consequencker, Figure[3 demonstrates that the disk is substantially per-
of these disturbances and we discuss these in detail in the nexuurbed by the encounters with the infalling satellites. This
sections. Particularly intriguing is the presence of a conspic-suggests that describing the later stages of the disk evolution
uous flare and non-axisymmetric structures such as extendedequires more than the simple, single function that works well
outer rings and central bars. Their existence and robustnes$or the initial disk. Indeed, the right panel of Figlile 4 presents
indicate that the axisymmetry of the disk has been destroyeda two-component, “thin-thick” disk decompaosition for the fi-
by the encounters with the infalling satellites and is not re- nal disk. The decomposition consists of a low-surface bright-
stored at late times. ness, “thick” disk component with a sechcale height of
Moreover, as is evident in the edge-on images of the final znicx = 1.6 kpc and a sec{thin” disk component with a scale
disk in Figure[B, a high-surface brightnebin disk compo- height ofzni, = 0.6 kpc which is slightly larger compared to
nent remains after the bombardment by CDM substructure.that of the initial thin disk.
We discuss the implication of this finding in the general con-  This simple decomposition provides a reasonably good de-
text of disk survivability in aACDM universe in Sectionl4. It ~ scription of the final disk down to fairly low surface bright-
is interesting to ask whether or not the bright in-plane struc- nessesy < 27 mag arcseé, and for|R| < 9 kpc. Interest-
ture would be recognized as a thin disk component in a stan-ngly, the edge-on thick disk component is consistent with
dard disk decomposition analysis. We present such an analyhaving a surface brightness profile thaaimost independent
sis in Figurd #. This figure shows the initial and final surface of projected radius foR < 9 kpc. At fainter magnitudes, a
brightness profilesy(2), of the stellar disk as a function of flare and other diffuse structures become important as dis-
distance,z, above the disk plane. For this calculation, the cussed in §3]2. Beyong ~ 9 kpc, the adopted decompo-
stellar distribution is observed edge-on. Symbols correspondsition fails to provide an adequate representation of the disk
to different projected radiiR. structure. At these radii the disk is significantly flared and its
The left panel shows the analytic sécdurface brightness  structure becomes strongly irregular. The complexity of the
profile (eq. [3]) for the initial, thin stellar disk with a scale disk structure aR > 9 kpc suggests that a more complicated
height ofzy = 0.4 kpc. By construction, there is excellent functional form may be needed to describe the final disk at
agreement between the analytic profiles and results obtainedarger radii.
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FiG. 5.— Effect of individual satellites on the global morphological evolution of the disk. Each panel shows edge-on surface brightness maps of disk stars to a
surface brightness limit gi ~ 30 mag arcse@ and measures 18 kpc by 60 kpc. Labels for individual satellite passages from S1 to S5 are indicatkmiviar the
left-hand corners of each image and, to aid comparison, the initial disk is presented uppéreleft panel. Images are constructed after the disk has relaxed
from each encounter according to the definition in §2.5. The response to subhalo S6 can be seen[ih Figure 3. A high-surface brightness thin disk component
is visible in all images. The first satellite passage S1 generates a warp in the outer regions of the disk. The second encounter which involves the most massive
subhalo S2 causes substantial flaring above the disk plane. The remaining satellites perturb the disk structure further even though their effect is differentially less
significant compared to the initial encounters. In broad terms, most of the morphological signatures have emerged as a result of the interaction with the most
massive subhalo.

We note that this decomposition does not constitute a for-vary much more slowly with radius. At small projected radii
mal fit but merely provides an acceptable parametrization for (|R| < 6 kpc) the thin disk component dominatesZgt 1 kpc.
the final disk structure. The analysis presented above simplyHowever, this picture is quickly reversed. FBf = 9 kpc (ri-
serves to illustrate that the final disk cannot be represented byangles) the thick disk dominates the light profile of the stellar
asingle exponential or seéfunction. Two components are  distribution forall heights above the disk plane. We note that
clearly required, one of which is significantly thicker than the within 9 kpc, approximately 17% of the final stellar mass is
“thin” one. Deriving a formal fit for the disk vertical structure contained in the thick disk component.
will not yield substantial additional information regarding the ) _ ) )
global morphological evolution of the disk, though it will be  3.2. Morphological Sgnatures of Satellite-Disk Encounters

explored in the future. _ _ The results in the previous section demonstrate that in-
Figurel4 shows a number of interesting results related to thefalling CDM substructures play a significant role in setting
surface brlghtness distributions of the final disk. First, thESEthe g|oba| morphok)gy of a stellar disk. The face-on view
distributions become uniformly broader extending at consid- of the final disk in Figuré3rtiddle and right panels) re-
erably larger vertical distances from the disk plane comparedyeals that satellite accretion can also excite strong bars which
to those of the initial thin disk. This change is caused by the drive further evolution in the inner disk regions. The primary
encounters with the infalling subhalos and can be directly as-disk galaxy model was constructed to be stable against the
sociated with the strong flare seen in the final disk which will formation of a bar. Thus, the observed bar growth should
be discussed in[§3.3. Second, the peak of the surface brighthe regarded as tidally induced by the infalling satellites. In-
ngss proflles which Corresponds t.O the |Ight dIStI'I.bUtlon n the teresting|y’ the edge-on view of the same pane|s shows the
disk plane ¢= 0) drops systematically at all projected radii generation of a characteristic “X” shape in the bright central
compared to that of the initial disk. This is attributable to the djsk, a finding also reported in previous numerical studies of
fact that stars are efficiently heated above the disk plane bysatellite-disk encounters (Walker et al. 1996; Gauthierlet al.
the merging subhalos. As a result of this, the number of star006). This noticeable feature is often linked to secular evo-
in the plane of the disk decreases with obvious consequencefytion of galaxies driven by the presence of a bar when it
for the surface brightness distribution. buckles as a result of becoming unstable to bending modes
As the projected radius increases, the height above the plange g. [Combes & Sandérs 1981), and may be associated with

of the disk at which the thick disk component dominates the the presence of peanut-shaped bulges observed in many galax-
light profile becomes progressively smaller. This is becausejeg (e.g./ Litticke et al. 2000).

the Surface br_ightness distribution of the th.in disk declines ex- Moreover, while the br|ght “X”-Shaped component is visi-
ponentially withR, while both the scale height, and the cen- ple at high-surface brightness, many other interaction-driven
tral (projected) surface brightness of the edge-on thick disksignatures appear as low-surface brightness features. The
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deep view of the final edge-on disk in Figlider8gpt panel) abovez= 0 where the edge-on surface brightness falls off from
shows a number of additional filamentary structures at26 the central maximum value by 2 mag arceq(2) = o +2.
mag arcse@, and other complex configurations, that develop The final disk shows considerable flaring beyon@ — 3Ry
above the disk plane. These structures bear some resenindicating that encounters with CDM substructure can be re-
blance to tidal streams, but are in fact disk stars that havesponsible for producing notable flares in stellar disks. Re-
been gravitationally excited by the subhalo impacts. The fi- markably, the scale height of the disk near the solar radius has
nal face-on disk in the same panel is also significantly moreincreased in excess of a factor of 2 as a result of the interac-
structured at faint surface brightness and large radius com+tions with satellites S1-S6. We checked that the scale height
pared to the initial disk and is quite reminiscent of the outer of the same disk galaxy evolved in isolation for a timescale
disk structure seen around M31 (Ibata et al. 2005). The sameequal to that corresponding to the final disk 8 Gyr) has
image also reveals a pronounced ring-like featurg at26 grown by only about 10% indicating the quality of the initial
mag arcse@. The ring is nearly in-plane and is qualitatively conditions and adequate resolution of the simulations.
similar to the Monoceros structure known to extend around The right panel of Figurie] 6 shows tkeolution of the scale
the MW (Newberg et al. 2002). We emphasize that this ring height profile of the disk caused by individual satellite pas-
is a non-transient feature which survives for a considerablesages. After the encounter with satellite S1, the inner disk
amount of time after the satellite accretion events. Indeed,(R < 2Ry) appears unaffected by the accretion event despite
though this structure is generated after the interaction withthat fact that S1 is quite massive, with an initial mass of
satellite S2, it remains apparent at the final simulation output~ 30% of the disk mass, and is characterized by a small peri-
some~ 4 Gyr after the final impact with subhalo S6. center (peri ~ 1.2Ry). In contrast, the scale height of the outer
Following up on the findings reported in Fig$. 3 &nd 4, Fig- disk (R 2> 3.5Ry) raises considerably giving rise to a distinct
ure[d illustrates the effect of each satellite passage S1-S5 offlare. The second event, which involves the most massive
the global morphological evolution of the disk. Images were satellite S2 KMsa: ~ 0.6Mgisk), generates a stronger flare by
created after the disk has relaxed from the encounter withgreatly increasing the scale height of the outer disk. Though
each infalling subhalo according to the definition in 82.5. The the scale height has now grown throughout the entire disk,
high-surface brightness thin disk component discussed abovéhe inner disk regions still exhibit substantial resilience to the
is visible in all edge-on views of the disk. The first satellite encounter. Indeed, & = Ry the scale height only raises by
passage S1 generates a pronounced warp in the disk beyond 50% compared to approximately a factor of 4 increase at
some radius. The second interaction with the most massiveR = 4R;.
subhalo S2 has a dramatic effect on the disk structure causing This difference in the robustness of inner and outer disks
substantial flaring above the disk plane. Subsequent satellités attributed to the larger binding energy of the former and to
accretion (S3-S5) does not substantially perturb the disk fur-the presence of a massive, central bulge that acts as a sink of
ther. The disk flare is visible at low surface brightness limits the orbital energy of the infalling satellites. The combined ef-
below 26-27 mag arcseé and becomes particularly promi-  fect of the remaining satellite impacts (S3-S6) on the structure
nent after the second impact. This fact suggests that only aof the disk is much less dramatic increasing the scale height
fairly small number of satellites withCDM motivated inter-  only slightly compared to passage S2. This finding suggests
nal properties and orbital parameters is sufficient to generateghat subsequent accretion events by already thickened disks
the bulk of morphological evolution of a stellar disk. We re- induce much smaller changes in the disk scale height com-

turn to this point below. pared to the initial encounters. This effect was also noted pre-
, ) viously by Quinn et al. (1993) using numerical simulations in
3.3. Disk Flaring which halos were treated as rigid potentials. In broad terms,

Among the most striking morphological features in the fi- the dynamical and morphological evolution of a galactic disk
nal edge-on disk is the pronounced flare, which is particularly subject to a cosmologically-motivated subhalo merger history
visible at low surface brightness levels (Figurés 3 [@nd 5). A are driven by the most massive accretion event.
more quantitative measure of the flare induced by the accre- Given the fact that the self-gravity of the disk grows weaker
tion events in our simulations is given in Figlife 6. This figure as a function of distance from the center, it is not unexpected
shows scale height profiles of the digkR), viewed edge-on.  that the scale height of the final disk should increase with ra-
Profiles are normalized to the initial disk scale heigitand dius. In the thin disk approximation, we may consider the to-
are plotted as a function of projected radius in units of the disk tal vertical energy per unit area of the disk= t; + Wqq +Was,
radial scale lengthRy. wheret; is the disk vertical kinetic energy, andyq and

The flaring of the disk can be formally described by the in- wgs are the disk potential energy densities associated with
crease of the vertical scale height. For the purpose of our analthe disk self-gravity and disk-spheroid gravity, respectively
ysis, we define the scale height at any given radius to be the(Toth & Ostriker| 1992] Benson etlal. 2004). In this formu-
vertical distance above the disk midplane where the edge-oration it is implicitly assumed that the spheroid includes the
surface brightness falls off from its maximum along #e0 dark matter halo and any bulge component. For a thin disk of
disk plane byAy = 1 mag arcse@, u(2) = uo+1. Thoughdisk  varying scale heigh(R), we expect
scale heights must be formally derived by means of fitting the

particle distribution to an appropriate functional form (e.g., Waa =G S5(R)Z(R) (4)
exponential or seélaw), scale heights as quantified here are Wes =G 3 X4(R) ps(R A(R). (5)
well-defined and require no assumptions for their interpreta-

tion. Here, ps(R) is the spheroid mass density averaged over the

The left panel of Figuriel6 shows scale height profiles for the disk scale height at radiu® andX4(R) is the projected disk
initial and final disk. Results are presented using both the def-surface density. The constantsindg are geometrical factors
inition of scale height introduced aboy€z) = o +1, andthat  of order unity that will depend on the profile shapes of the disk
for which scale heights are defined to be the vertical distanceand spheroid components, respectively.
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FIG. 6.— Disk flare. Scale height profilegR), of the disk viewed edge-on as a function of projected radius in units of the disk radial scale Rngtie
scale height is defined to be the vertical distance from the disk plane where the surface brightness drops by 1 Afdgandsemaximum along the= 0 disk
plane,u(2) = po +1 wherepo = p(z=0). Surface brightnesses are averaged about th@ andR = 0 planes and all profiles are normalized to the initial disk
scale heightzy. Left: Scale height profiles for the initiathin lines) and final disk thick lines). Solid lines show results obtained using the above definition of
scale height, whilelotted lines correspond to scale heights defined to be the vertical position aba¥evhere the edge-on surface brightness falls off from the
central value by 2 mag arcséc The initial disk is constructed with a constant scale height explaining why the corresponding curves are flat. The vertical dotted
line indicates the location of the solar radik;. A conspicuous flare is evident in the final disk beyen@ - 3Ry as a result of the gravitational interaction
with CDM substructureRight: Evolution of the scale height profile of the disk. Various lines correspond to different satellite passages from S1 to S6 and scale
heights are measured using the standard definifi¢z),= 10 + 1. The encounters with the first two satellites give rise to a distinct flare in the outskirts of the
disk. The combined effect of the remaining satellite passages (S3-S6) is much less dramatic indicating that the second, most massive encounter is responsible fol
setting the global disk structure. The inner disk appears much less susceptible to damage by the infalling subhalos owing to its large binding energy and presence
of sinks of the orbital energy of satellites, such as the bulge component.

Now consider the impact of a dark subhalo with the disk. In the limit where the disk surface density dominates the
Some fraction of the orbital energy of the satelliteNlsaV2,, restoring force, the disk scale height will increase\agR)
whereVsy is the orbital velocity), will be delivered as verti-  $7%(R). The presence of additional sinks of the orbital energy
cal kinetic energy to the disk. The disk will virialize on a dy- of satellites such as a massive, central bulge or a concentrated
namical timescale such thiat~ 0.5wgyq +Wgys (Toth & Ostriker dark matter halo will further act to suppress the increase of
1992). When a subhalo passes through the disk, it fre-scale height at smaR. Indeed, as demonstrated in Paper II,
quently triggers global modes (e.g., spiral arms, warps, bars)a dense bulge is efficient in reducing the damaging effects of
which can be very efficient in redistributing its orbital energy infalling subhalos on stellar disks.
throughout the disk (Sellwood etlal. 1998). Moreover, if the  Note also that once the disk is thickened to dri{®) to
infalling satellites are extended, like in the case of our sim- be quite large, we expect the second term in the denominator
ulations, most disk stars will also directly receive kinetic en- of eq. [6] to prevent any further vertical puffing of the disk.
ergy during the interaction. Both facts suggest that the orbital Generally speaking, this suggests that the most massive of the
energy of an accreting subhalo will not be deposited locally past encounters will set the scale height of the old thick disk,
at the point of impact as it was assumed by Toth & Ostriker which is directly confirmed by the findings presented in the

(1992), but rather globally across the entire disk. right panel of Figurél6.
The simplest assumption for energy deposition is that it is It is particularly interesting to investigate how the pro-
roughly constant in radius such trefR) — e,(R) + Ae,, with nounced flare we predict in our simulations would manifest

Ae; nearly independent dk. Moreover, due to the fact that in the surface brightness distribution of an edge-on disk. The
rotational energy dominates over random motions in the planerelevant analysis is presented in Figlre 7. This figure shows
of the disk, the predominant heating will be in the vertical an edge-on “in-plane”z= 0) surface brightness profile for
direction. In this limit we can assume that thejected ra- both initial and final disk as a function of projected radius,
dial profiles of the disk and spheroid remain unchanged. TheR. The calculation assumes again a stellar mass-to-light ratio
global change in vertical energy will demand that the scale of M, /L = 3. A steepening of the exponential slope can be

height changes as: seen in the profile of the final disk beyond a projected radius
of R~ 10 kpc. The entire surface brightness distribution of
AZ(R) Ae, the final disk also decreases as a result of the encounters with

Ya(R)[aZq¢(R) +22(R) 3R] (6) the accreting satellites. Specifically, the surface brightness in
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the outskirts R ~ 6Ry) drops frompu ~ 27 to u ~ 29 mag
arcse(‘:z. L L ) B L B

Furthermore, the central surface brightness decreases from <0 initial disk N
the initial value ofy ~ 21.2 mag arcse€ by Au ~ 0.6 mag — [ final disk
arcseC?. This is consistent with the decrease in the peak of ¢
the surface brightness profiles Rt= 0 between initial and
final disk seen in Figurlgl 4. As we discussed earlier, this drop
as well as the overall decrease of the brightness distribution
can be explained by the fact that infalling satellites heat stars
efficiently above the disk plane.

A low-surface brightness phenomenon seen in many
disk galaxies is the tendency for exponential disks to
be truncated at faint magnitude$ (van der Kruit_1979; <X
van der Kruit & Searle 1981/, de Jong et al. 2007b). Such ? 26
breaks were originally discovered in edge-on systems and ap-
pear to be less readily observed in face-on galaxies because™~~
of the line-of-sight projection and the associated lower sur-
face brightness. Itis important to emphasize that even though <8
the behavior of the final edge-on disk depicted in Fidure 7 re- :
sembles observed disk truncations, the steepening of the ex- _9p 10 0 10 20
ponential slope disappears when the disk is viewed face-on.

This suggests that the 3D stellar distribution does not actu- R (kpe)
ally truncate. Thus, the steepening of the surface brightness
profile u(z= 0,R) reported here does not constitute a separate Fic. 7.— Edge-on surface brightness profiles of the stellar disk as a func-

physical effect. On the contrary, it is a consequence of thetion of projected radiusR. The final disk @otted line) exhibits a steepening
flare ’ in surface brightness distribution beyoRd~ 3.5Ry compared to the initial

. . L disk (solid line). The peak of the surface brightness profile of the final disk
In the outskirts, the binding energy of the disk is low and gecreases b\ ~ 0.6 mag arcse? from the initial value. At large dis-

stars are efficiently heated above the disk plane by the in-tances from the disk center a differential decrease in the surface brightness of
falling satellites. As a result, at large distances from the cen-Ap = 2 mag arcse@ is established. Disk flaring due to infalling CDM sub-
ter, very little material remains in the disk plane which gives structures is responsible for generating breaks in the edge-on surface bright-
rise to a distinct drop-off in the surface brightness beyond eSS Profiles of galactic disks.
R~ 3.5Ry. On the other hand, the larger self-gravity of the
inner, exponential disk and the presence of a massive bulge
that acts as a sink of the satellites’ orbital energy increase thencluded in the numerical experiments|of Font et al. (2001)
robustness of the inner disk to accretion events and prohibitand Gauthier et all (2006).
the development of such a break in the exponential slope at This difference is critical because massive subhalos on
smaller radii. highly eccentric orbits at early epochs become preferentially
4. DISCUSSION disrupted or suffer substantial mass loss during their orbital
- evolution, and so they are more likely to be absent fronzthe
4.1. Implications 0 population (e.gl, Zentner & Bullodk 2003; Kravtsov et al.
We have demonstrated that encounters with CDM substruc2004] Gao et al. 2004). To capture these relatively short-lived
ture can generate a wealth of morphological signatures in diskobjects, it is necessary to trace the interaction history of the
galaxies. These include conspicuous flares, central bars, loweentral halo with nearby, massive systems as we have done
surface brightness ring-like features in the outskirts of the here. Interestingly, orbital evolution models of the LMC and
disk, faint filamentary structures above the disk plane, andSMC using 3D velocities constrained by recent proper mo-
a complex vertical morphology that resembles the commonlytion measurements suggest that these massive Galactic com-
adopted thin-thick disk profiles used in the analysis of disk panions may currently be on their first passage about the MW
galaxies. | Font et all (2001) and Gauthier etial. (2006) per-(Besla et al. 2007). If confirmed, this is in line with the idea
formed similar numerical investigations of the gravitational that massive objects would be present today only if they were
interaction between multi-component disk galaxies and in- recently-accreted.
falling subhalos. Both of these investigations considered the As discussed in the introduction, it is tempting to associate
population of surviving substructureszat 0 and both studies  the faint structures resulting from the satellite-disk interac-
found negligible effect on the global structure of the disk. tions (Figure§B and 5) with the recently-discovered complex
In particular, the aforementioned studies showed only mild disk phenomena seen in and around the MW and M31, and
evolution of the disk scale height as a function of radius due in other nearby and distant disk galaxies. Stellar counts in the
to the satellite population. In contrast, the present study re-MW from 2MASS and SDSS (Momany etlal. 2006; Bell et al.
ports substantial disk flaring stemming from the gravitational 2007) identify stellar streams, many of which may be associ-
interaction with infalling CDM subhalos. As Figuké 6 indi- ated with recent merger or fly-by activity from Local Group
cates, the flaring we find is associated with an increase of thegalaxies, or other perturbations in the galactic disk. These
disk scale height by more than a factor of 2 near the solar ra-studies also find a great deal more structure at radii beyond
dius. The primary reason for this discrepancy is that we haveRsc ~ 10kpc (Bell et al! 2007), as well as a many-fold in-
followed the formatiorhistory of the host halo since ~ 1, crease in the scale height of the disk, compared to that at the
and consequently we have considered impacts of satellitesolar circle/((Momany et al. 2006).
onto the disk that are significantly more massive that those Figure[% also illustrates that encounters with infalling

22
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subhalos can generate warps in the outer disk. Warp exci{Lopez-Corredoiraetal. | _2002; | _Momany et al. _2006)
tation by tidal interactions with small companion galaxies and atomic hydrogen layer (e.g.__ Merrifield 1992;
constitutes an attractive mechanism. Indeed, it has recentlyNakanishi & Sofuel 2003). Flaring is also observed in
been argued that the origin of the Galactic warp can beexternal galaxies seen edge-on, in their stellar light (e.g.,
attributed to the interaction of the MW disk with the LMC |de Grijs & Peletier| 1997; Narayan & Jog 2002) (though
(Weinberg & Blitz/2006). In more distant galaxies, extremely more-rarely in lower-mass galaxies; de Grijs & Peletier 1997;
deep imaging has long revealed that multiple-component,Seth et al. 2005), as well as kh gas (e.g., Brinks & Burton
thick-disk, and more extended diffuse structures are notl1984; Olling 1996; Matthews & Woad 2003). Extending the
limited to MW and M31 extending the applicability of our search for disk flaring in external systems would provide
results beyond the Local Group (e.q., Sackett et al. 11994;a new observational test for thkCDM paradigm and its
Lequeux et al. 1998; Abe etlal. 1999; Dalcanton & Bernstein competitors on non-linear, galactic scales, and thus offer
2002; |[Zibetti & Ferguson| 2004; Dalcanton et al. 2005; unique opportunities to constrain cosmological models.
Yoachim & Dalcanton 2006; de Jong etlal. 2007a). The structure and kinematics of galactic disks have long
The ring-like feature shown in Figuké 3 is particularly in- been recognized as a key constraint on structure forma-
triguing in light of the Monoceros structure in the MW. The tion models. Our results have intriguing implications for
present study suggests that rings of this kind are generatedests of the nature of dark matter through detailed ob-
naturally as a result of satellite impacts, which can excite per-servations of galactic structure. Alternatives to the stan-
turbations indisk stars. This phenomenon is different from dard CDM paradigm such as models with warm dark mat-
the well-known “shell” structures that arise in stars that are ter or decaying dark matter (e.q., Hogan & Dalcanton 2000;
accreted from dynamically cold systems that interact with |Avila-Reese et al. 2001; Cembranos et al. 2005; Kaplinghat
larger galaxies (e.g., Hernquist & Quinn 1988; Helmi et al. 2005%; | Strigari et &ll 200¥b), or non-standard power spec-
2003). In our simulations, the ring is caused by a perturba-tra (e.g.. Kamionkowski & Liddle 2000) predict substantially
tion within an initially cold disk. different accretion histories for MW-sized dark matter halos
In comparison to models that attempt to explain the Mono- as well as different satellite abundances and structural proper-
ceros Ring and extended M31 disk structure using minorties (Zentner & Bullock 2003).
merger events that directly deposit stars, our scenario requires We have assessed the sensitivity of disk flaring to the den-
no special orbital configuration for the infalling satellites. In sity structure of the infalling systems by adopting satellite
order to explain the origin of the aforementioned features, models with radically different density profiles, but requir-
accreted-star models seem to require fairly circular, progradejng that the total bound mass of each object be exactly the
or (at least) low-inclination orbits (e.d., Helmi et al. 2003; same. Specifically, we repeated the first two satellite passages
Pefarrubia et al. 2005). In studiesdiésipationless simula- S1 and S2 modeling the infalling subhalos using a constant
tions, orbits of this type are quite rare for subhalos that pen-density core f(r) « r~, wherey = 0) and adopting the same
etrate deep into the host halo and interact with central disksouter, 5, and intermediateq, slopes of their CDM coun-
(e.g., . Ghigna et al. 1998; Knebe et al. 2004; Zentnerlet al.terparts. The size of the density core was chosen to be ap-
20054, b; Benson 2005). The subhalo orbital eccentricity dis-proximately equal to 10% of the tidal radius of each subhalo
tribution presented in the right panel of Figlile 1 confirm this (= 2 kpc).
conclusion. We find that cored satellites of equal bound mass produce
More circular orbits may be motivated by numerical exper- much smaller amounts of disk flaring at the solar radius and
iments of satellite decay in disk-dominated or flattened sys-at larger radii, and smaller overall disk morphological evolu-
tems that have reported rapid circularization of the orbit (e.g., tion compared to the standard CDM cosmological satellites
Quinn & Goodman 1986; Pefarrubia etlal. 2002; Mezalet al. whose density distribution is well described by a cusp slope
2005). However, in the very least subhalo orbits will not be of p(r) o< r. This is not unexpected since the former are
driven to nearly circulaprior to an encounter with the cen- more susceptible to mass loss and will, on average, approach
tral disk. The extended disk components and morphologicaland penetrate the disk with smaller amounts of orbital energy
features we report in the present study arise naturally in theavailable to be converted into random motions of disk stars.
context of a typicaACDM accretion history. Of course, a These findings suggest that differences in the properties of the
detailed kinematic analysis of the theoretical predictions will subhalo populations should be imprinted on the fine structure
be important for testing whether rings of the type generatedof disk galaxies.
in our simulations can explain the observed MW Monoceros Such differences can be used to provide fundamental con-
structure and M31 outer disk. We defer a detailed investiga-straints on structure formation theories by distinguishing be-
tion of these considerations to future work. tween competing cosmological models. Indeed, specifically-
In the context of distinctive observational signatures pro- designed surveys such as SEGUE and RAVE and planned rev-
duced in stellar disks by accreting subhalos, an intriguing re-olutionary instruments like SIM and GAIA will be able to
sult is reported in Figurgl6. This plot demonstrates that the quantify the structure and kinematic properties of the MW
scale height of the simulated disk increases with radius as alisk. Moreover, future surveys like SEGUE-2, PanSTARRS,
result of the gravitational interactions with infalling satellites. and LSST will provide ever more precise star-by-star maps
Indeed, disk flaring appears to be a natural result of encoun-of the Galaxy and multi-object spectrographs on thirty-meter
ters with CDM substructure and one of the most important class telescopes will enable star count maps for many galaxies
observational consequences of the present study. Many latein the local volume, similar to the maps being made for M31
type galaxies (including the MW and M31) exhibit a great and M33. Confronting the resulting data sets with theoretical
deal of non-smooth “structure” in their stellar distributions, predictions such as those of the present study will allow to test
often with clear flaring at large galacto-centric radii. whether the detailed structure of galactic disks is as perturbed
Actual disk-flaring, such as that described in this as predicted by the CDM paradigm.
paper, is seen in the MW in both the stellar disk We expectdisk morphological evolution in MW-sized dark
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matter halosM,;; ~ 10°M,, to be driven by the few most  a thin disk component must be generated later by secondary
massive satellite accretion eveMgyp ~ 101 M o ~ Mgisk. processes such as gas inflow. This would suggest that thick
Indeed, mergers of this size dominate the mass buildupdisks originating during damaging encounters with substruc-
in galaxy-sized CDM halos (e.d., Zentner & Bullock 2003; tures must be invariably older than the oldest stars in the thin
Purcell et all 2007). In addition, massive accretion events ofdisk, making thin and thick disks distinct in age as well as
this kind should have been relatively common sineel. We scale height. While this is true for the MW and other external
have showed this directly using our four well-resolved cosmo- galaxies, our results are consistent with a picture in which a
logical N-body halos in 8 2.2. This result is corroborated by thick disk arises naturally in the context of a typiceCDM
Stewart et al. (2007, in preparation) who use thousands ofaccretion history while at the same time a substantial thin disk
halos extracted from ACDM N-body simulation §g = 0.9) component survives the violent gravitational encounters with
to show that~ 80% (~ 70%) of MW-sized objects should CDM substructure. Our results thus indicate that the absence
have accreted at least one subhalo with mass comparable tof thick disks in significant fraction of disk galaxies, rather
that of the disk in our controlled simulationdg,, > 0.02M,; than ubiquitous thick disks, would represent a challenge for
(> 0.05M,;;) sincez ~ 1. Moreover,~ 60% should have ac- the CDM model.
creted a system with more than twice that mass over the same The findings of the present study are especially relevant to
period (> 0.1M;;). Of course, the importance of these accre- the formation of thick disks. Thick disks constitute a ubiqui-
tion events for both driving and altering disk morphologies tous component of disk galaxies (elg., Dalcanton & Bernstein
will depend on the orbital evolution of the satellites once ac- [2002; | Yoachim & Dalcanton _2006) and several formation
creted into the host halo virial radius. However, given that mechanisms have been proposed to explain their origin and
dynamical friction will drive massive subhalos towards the properties. A growing body of evidence favors scenarios in
central regions of the host halo within a few Gyr, these resultswhich thick disk stars form initially either in the thin disk
serve as general motivation that significant central encountersand then are dynamically heated to large scale heights by
should be fairly commonplace in the history of galaxy-sized encounters with orbiting satellites (e.g., Quinnetal. 1993;
halos. Walker et al! 1996; Velazquez & White 1999) or in external
The above discussion is particularly relevant in the context galaxies and subsequently are deposited by accretion events
of the survival of thin, stellar disks to hierarchical satellite ac- at large scale heights (e.q.. Abadi etlal. 2003). The results
cretion. FigureEl3. 14 anld 5 illustrate that while infalling satel- presented in this paper suggest that a thick disk component
lites substantially perturb stellar disks affecting their overall may arise naturally as a result of gravitational interactions be-
morphology, a significant thin disk component can survive tween an existing thin disk and infalling satellites with mass
bombardment by CDM substructure that is an appreciablefunctions, density structures, and orbital distributions of the
fraction of the disk mass. Though most MW-sized galaxies kind expected in theACDM paradigm of structure forma-
are expected to have accreted an object at least as large as thien. CDM substructure can thicken stellar disks (Figlides 4
disk itself sincez ~ 1 (Figure[1) we have explicitly ignored and®) and should be regarded as being, in the very least, par-
these violent interactions in the present study in an attempt totially responsible for the origin of thick disks. As we show
be conservative. This is because our main goal was to examin Paper Il, the stellar disk is substantially heated in all three
ine the formation of distinct morphological features about a directions by the encounters with infalling satellites S1-S6.
well-preserved disk galaxy similar to the MW and M31. An Interestingly, the disk velocity ellipsoid at the solar radius,
important future study will be to model the impact of a satel- R, = 8 kpc, increases fronvg,o,07) = (31,24,17) kms?
lite as large as (or larger than) the disk itself in order to test to (0r,04,07) =~ (61,49,31) kmsl. For reference, the ve-
the robustness of disks in this general framework. We intend|ocity ellipsoid of the thick disk of the MW is estimated
to examine this issue fully in a forthcoming work. The results to be ~ (46,50,35) kms* by [Chiba & Beers[(2000) ang-
presented here provide some encouragement that such an ex63 39,39) kms?* by [Soubiran et al. (2003). However, it is
periment may not prove ruinous to the survival of thin disks jmportant not to over-interpret this comparison because the
in a ACDM universe. final dispersions are calculated considering all stars instead
Of specific concern for hierarchical models of structure for- of using only those that belong to the thick disk component
mation is the prevalence @ld (~ 10 Gyr) stars in the thin  according to the decomposition analysis of § 3.1
disk (e.g.Wyse 2001). Quillen & Garnett (2000) showed
that the age-velocity dispersion relation in the solar neigh- 4.2. Caveats
borhood for disk stars was relatively flat betweer? and Certainly our approach is not without drawbacks. The most
~ 10 Gyr, with a distinct jump in the velocity dispersion for evident one is that the present study used only fissipa-
older stars, as perhaps would be expected if thick disk forma-tionless MW-sized dark matter halos in order to derive “typ-
tion were driven by a single ancient event. However, utilizing ical” orbits and merger histories, and the controlled simula-
a sample~ 75 times as large, Nordstrom et al. (2004) found tions of satellite-disk interactions were based on the accretion
a continuous increase of stellar velocity dispersion with age, history of just one of these host halos. It will be important to
and argued that ongoing heating could provide an explana-explore a range of accretion histories and orbital distributions
tion. [Seabroke & Gilmore (2007) used the same data set andaf infalling objects using a larger sample of halos from cos-
similarly concluded that vertical disk heating does not satu- mological N-body simulations. Moreover, since the orbital
rate at early times. Regardless, the age distribution of starsevolution of substructure once accreted into host halos will
in the MW suggests that a significant fraction of the thin disk be influenced by baryonic processes, a self-consistent, hydro-
(02 <20 kms?) was in place by ~ 1. dynamical simulation of disk galaxy formation would be re-
Itis tempting to argue that the existence of an old, thin stel- quired to fully refine the conclusions presented here. Unfor-
lar disk would imply an absence of satellite impacts over a tunately, hydrodynamical simulations that produce statistical
period that corresponds to at least the age of the oldest stars isamples of realistic disk galaxieszt 0 do not yet exist.
the thin disk. If an impact occurs and destroys the disk, then Despite the obvious limitations, several facts suggest that
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our study has captured to at least a certain extent the amourpopulations not only kinematically but also chemically (e.g.,
of global morphological transformation that CDM satellites Wyse & Gilmore 1995; Bensby etlal. 2005). Adding star for-
can cause to stellar disks. First, all four of the host halos wemation as a further ingredient will provide the opportunity to
explored showed similar numbers of substantial central merg-track ongoing star formation in an ever re-forming thin disk
ers, and their accretion histories are typical of systems in thisand refine the conclusions presented here. All of these effects
mass range (e.d.. Wechsler etlal. 2002). Second, we used will be discussed in forthcoming works.

conservative subset of one of the merger histories to seed the 5. SUMMARY

controlled satellite-disk encounter simulations, and neglected ) . . . L
interactions with extremely massive subhalos that could prove  Using high-resolution, fully self-consistent dissipationless
ruinous to disk survival. If anything, the morphological re- N-body simulations we have examined the observational sig-
sponse of most disks should be more pronounced compareBatures of the accretion of substructures onto thin disk galax-
to that we find here. Third, our numerical experiments took €S in the context of tha CDM paradigm of structure forma-
into account the effects of a realistic baryonic component ontion. Our simulation campaign utilizes cosmological simula-
the orbital evolution of the infalling sateliites by including a tions of the formation of MW-sized dark matter halos to de-
live central galaxy. Finally, most of the observational signa- "ve _the properties of subhalo populaﬂons.and controlled nu-
tures on stellar disks (Figures[3,[4,[5, 6, and 7) were gener_mencal experiments of consecutive satellite encounters with
ated by the single most massive encounkégs{~ 0.6Mgisk, an initially-thin MW-type disk galaxy. The present study ex-
ria ~ 20 kpc, andrperi < 10 kpc). We identify accretion tends and expands upon past numerical investigations into the
events of this kind in all four of the host halo histories studied interaction between disk galaxies and merging satellites in at
and, as discussed above, it is reasonable to expect that mo&gast three major respects. o .

MW=sized halos should have accreted numerous such systems First, we incorporate a model in which the infalling satel-
sincez~ 1. lite populations are truly representative of those accreted and
A second caveat is that we have neglected stellar compoP0Ssibly destroyed in the past, instead of #%0 surviving
nents in the infalling satellites modeling the latter as pure dark Substructure presentin a CDM halo. Second, the primary disk
matter subhalos. Thus, the present study is inadequate to addalaxy models are fully self-consistent and flexible enough to

dress the contribution of satellite stars to the formation of the P€rmit detailed modeling of actual galaxies. Third, individ-
thick disk and elucidate their ability in driving existing or cre- ual satellites are initialized according to the internal structure
ating their own morphological signatures. Notwithstanding Of subhalos culled from high-resolution cosmological simu-
this limitation, the present work does demonstrate that darklations. All of these elements inherent in the modeling en-
matter subhalos can be Capab|e of generating a wealth of morsure that the numerlca:l eXpe.rlmentS of Satelllte-dlSk encoun-
phological features in the simulated disks that resemble thosders were performed with a high degree of realism.

seen in real galaxies. A third drawback is related to the fact In contrast to what can be inferred from statistics of the
that our models track only stars that were in place in a disk atPresent-day substructure populations in galaxy-sized CDM
z~ 1, and therefore apply most directly otd disk stars. We  halos, encounters between massive subhdles £ 0.2Muisi)

have also adopted a primary disk galaxy model motivated by@nd central disks should be common occurrences in standard

the present-day structure of the MW. A more complete inves-ACDM sincez ~ 1. Most of the difference is caused by

disk. early times are precisely those that are most likely to suffer

Furthermore, we have only addressed the gravitational in-Significant mass loss or become tidally disrupted. As sub-
teraction of disk galaxies and dark matter substructures inh@los on highly eccentric orbits lose mass, the fraction of
the collisionless regime, a choice with obvious limitations. Massive satellites with small orbital pericenters declines with
Spiral galaxies contain atomic and molecular gas which canredshift so that few remain bg= 0. The specific merger
absorb and subsequently radiate away part of the orbital enhistory we studied involved 6 accretion events of satellites
ergy deposited by the sinking satellites. Owing to this prop- with masses, orb|t0al pericenters, and tidal radii @7 10° <
erty, the heated gas component will eventually resettle to formMsay/ Mo < 2x 10%, rperi < 20 kpe, and'ia 2 20 kpc, respec-

a new thin disk consisting of a younger stellar population fively, over a~ 8 Gyr period. The morphological impact of
compared to that of the thick disk. Modeling the evolution these events on an '”'t'g")"th,”ZdF 0.4 kpc) MW-type disk

of a dissipative component in the primary galaxy would be 9&laxy Maisk~ 3.5 x 10! ) included the following signa-
required to determine the extent to which the presence oftures, many of which resemble features seen in the MW and

gas can alter the dynamical effects of substructure on stel-M31, and in other disk galaxies.
lar disks. Given that the gas fraction in massive disk galax- 4 The development of a “thick” disk component and the

ies atz~ 0 is typically low (~ 10% of the stellar disk mass; survival of a significant “thin” disk component, as char-
Read & Trentham 2005), the role of a dissipative component acterized by standard “thin-thick” disk decomposition
in stabilizing the disks against the violent gravitational en- analysis.

counters with satellites may not be important, but this will
depend sensitively on whether the gas content was higher in e The growth of a strong central bar.
the past. Indeed, high gas-fractions at early times may be
required to explain the formation of disk galaxies in a hierar-
chical universe (Robertson etlal. 2006).

Finally, the present-day structure of galactic disks origi-

e The production of a pronounced flare at intermedi-
ate and large radii, particularly visible at low surface
brightness levels.

nates from a complex interplay of effects and a full expla- e The formation of long-lived, low-surface brightness
nation requires detailed knowledge of their star formation ring-like features in the outskirts of the disk and
history and chemical evolution, amongst others. In fact, faint filamentary structures that develop above the disk

the thin and thick disk stars of the MW represent distinct plane.
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