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1 INTRODUCTION

ABSTRACT

The major morphological features of a galaxy are thoughteaétermined by the assem-
bly history and net spin of its surrounding dark halo. In thre@est scenario, disk galaxies
form predominantly in halos with high angular momentum andtrecent assembly his-
tory, whereas spheroids are the slowly-rotating remnaimspeated merging events. We ex-
plore these assumptions using one hundred systems withniedees similar to that of the
Milky Way, identified in a series of cosmological gasdynaahigimulations: the Galaxies -
Intergalactic Medium Calculatiorg{miC). At z = 0, the simulated galaxies exhibit a wide
variety of morphologies, from dispersion-dominated sphttsrto pure disk galaxies. Surpris-
ingly, these morphological features are very poorly caitesl with their halo properties: disks
form in halos with high and low net spin, and mergers play digigde role in the formation
of spheroids, whose stars form primarily in-situ. With teight, this weak correlation be-
tween halo and galaxy properties is unsurprising givenamainority of the available baryons
(~ 40%) end up in galaxies. More important to morphology is tkerent alignment of the
angular momentum of baryons that accrete over time to form a galaxy. Spheteius$ to form
when the spin of newly-accreted gas is misaligned with thalhe extant galaxy, leading to
the episodic formation of stars with different kinematibattcancel out the net rotation of
the system. Disks, on the other hand, form out of gas that flowsth similar angular mo-
mentum to that of earlier-accreted material. Gas accrétgm a hot corona thus favours disk
formation, whereas gas that flows “cold”, often along sefgaraisaligned filaments, favours
the formation of spheroids. In this scenario, many spheroahsist of the superposition of
stellar components with distinct kinematics, age, and higtg, an arrangement that might
survive to the present day given the paucity of major merdgirece angular momentum is
acquired largely at turnaround, morphology depends ondhlg aterplay between the tidal
field and the shape of the material destined to form a galaxy.

Key words: Galaxy: disk — Galaxy: formation — Galaxy: kinematics andawyics — Galaxy:
structure

flattened structures whereas spheroids have shapes |angely
ported by velocity dispersion.

Galaxies exhibit a wide variety of morphologies, from spuligs to
disks to bars to peculiar galaxies of irregular shape. Maysical
properties, such as gas content, average stellar age, enat¢hof
current star formation, are known to correlate with morphgl Of
such properties, the one that seems most tractable fronoeethe
ical perspective is the relative importance of organizedtion in
the structure of a galaxy. This is commonly referred to agithke-
to-spheroid ratio, since stellar disks are predominamtigtionally-
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Sincel Hubble | (1926) published his original morphological
classification scheme, our understanding of the provenaiitbese
two defining features of galaxy morphology has been congtant
evolving. Spheroids were once thought to originate in thétsw
transformation of an early-collapsing, non-rotating claof gas
into stars |(Eggen et al. 1962; Partridge & Peebles |1967;0dars
1974), whereas disks were envisioned to result from thapsd of
clouds with high angular momentum and inefficient star farama
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(Eggen et al. 1962; Larson 1976). The role of mergers as agpess
transformational mechanism was championed by Tdomre {j1977
and gained momentum as the hierarchical nature of stru¢amek
hence, galaxy) formation became accepied (White & Rees;1978
Frenk et al. 1985).

(White & Frenk|[1991) and may be collimated by the filamen-
tary structure of the cosmic web, especially in low-masdesys
and at high redshift_(KereS etlal. 2005; Dekel & Birnboim €00
van de Voort et all 2011). This complex accretion geometry ha
been hypothesized to promote the formation of disks by fepdi

Further development of these ideas led to a broad consensushigh angular momentum material directly to forming galaxisee,

where disks are thought to form at the center of dark matter ha
los as a consequence of angular momentum conservationgdurin
the dissipational collapse of gas (Fall & Efstathiou 198@ &4 al.
1998), whereas spheroids result predominantly from mexgemts
(see, e.gl, Cole et al. 2000, and references therein). togh is
thus a transient feature of the hierarchical formation ofaxy:

a disk galaxy may be transformed into a spheroidal one after
a major merger, but could then re-form a disk through further
gas accretion only to be later disrupted again by anothegener
Early galaxy formation simulations gave a visually-contipgl
demonstration of this scenario, galvanizing support f(seée, e.g.,
Steinmetz & Navario 2002).

This consensus view has been broadly implemented in semi-
analytic models of galaxy formation, where the propertfegatax-
ies are deduced directly from the physical properties asdras
bly history of their surrounding halos (see, €.g., Crotoal €2006;
Bower et al. 2006; Somerville etlal. 2008). For example, musd-
els assume that the specific angular momentum of galaxiekand
los are similar, and that the merger history of the halosatistthat
of the central galaxy.

Recent developments, however, have led to revisiting sdme o
the assumptions of the simple scenario outlined above. fame
ple, it has become clear that major mergers are rare, and-ther
fore probably not the primary formation mechanism of bulges
and ellipticals. Instead, “disk instabilities” (Efstabhiet al| 1982;
Christodoulou et al. 1995; Mo etlal. 1998), as well as remkate
minor encounters, are now claimed to be the main formation
path of spheroids (e.g., Parry et al. 2009; Hopkins et al.0201
De Lucia et all. 2011; Bournaud et/al. 2011). This has helped-to
leviate some tension between the observed evolution ofaHg-e
type galaxy population and the major-merger rates prediibie
theory (Bundy et al. 2007; Oesch etlal. 2010). However, (prest
might remain open, as the estimation of merger times fronembs
vations is non-triviall(Lotz et al. 2011).

Further scrutiny has come from direct simulation of hierar-
chical galaxy formation. Conserving enough angular moomant
during the hierarchical assembly of a galaxy to form a réalis
stellar disk has been challenging (see, €.g., Navarrg 41985;
Navarro & Steinmetz 1997), as has been pinning down theteffec
on morphology of repeated merging, especially betweerrighs-
galaxies (see, e.q., Robertson et al. 2006; Governato20@e).

The inclusion of energetic feedback, needed to preventthe f
mation of too many faint or overly massive galaxies, has ddde
an extra level of complexity to the problem, with a number of
studies showing that morphologies can be radically alterben
even modest changes in the strength of feedback or its ingpim
tion are introduced_(Okamoto et/al. 2005; Scannapieco |2088;
Ceverino & Klypin [2009;| Sales etial. 2010; Agertz etial. 2011,
Brook et al| 2011;; Piontek & Steinm&tz 2011). Moreover, tea-d
sity threshold assumed for star formation also changesotingling
between the stellar winds and the surrounding gas, playlisg a
a major role on the properties of simulated galaxies(Guetab
2011).

More recently, themode of gas accretion has been recog-
nized as playing a potentially crucial role in galaxy morpho
ogy. Gas can flow to galaxies largely unimpeded by shocks

e.g./Dekel et al. 2009; Brooks et lal. 2009).

Further theoretical progress demands increased sojgttistic
in numerical and semi-analytic modeling. From the simalaper-
spective, most studies have focussed on individual syspéched
according to what the authors believe would facilitate therfa-
tion of a galaxy of predetermined morphology; for exampleg-a
cent major merger to study ellipticals (elg., Meza et al. 20 a
quiet, rapidly-rotating halo to study spirals (e.g., Abatal.l20083;
Governato et al. 2007). Note that this presupposes the rologhn
of the resulting galaxy, and often results in the tuning af $or-
mation and feedback parameters until, unhelpfully, resmiatch
prejudice.

Statistically-significant samples of galaxies selectearin-
biased way and simulated at high resolution are needed for
insights, a goal that, despite valiant efforts (Croft et2009;
Sales et al. 2009, 2010), has so far proved beyond reach of eve
the fastest computers and best algorithms. The situatiow; h
ever, is starting to change, with the advent of simulatiohgot-
umes large enough to include dozens of well-resolved L,
galaxies |(Crain et al. 2009; Schaye et.al. 2010; Hahnl et 410,20
Cen & Chisari 2011; Vogelsberger etlal. 2011).

We explore these issues here using theic gasdynam-
ical simulation series| (Crain etlal. 2009iMmIC targeted sev-
eral carefully selected regions from the Millennium Sintigda
(Springel et all 2005) in an attempt to maximize the resofuti
of individual galaxy systems while at the same time sampling
cosmologically-significant volume. The first analyseszof= 0
GIMIC galaxies|(Crain et &l. 2010; Font etlal. 2011; McCarthy =t al.
2011) show that they are fairly realistic, so we feel conftdeat
we can use them to gain insight into the origin of galaxy motph

ogy.

ne

This paper is organized as follows. In Selc. 2 we present riefl
the numerical method and simulations. We analyze the méspho
gies of simulated galaxies and their origin in S&€¢s. Andghec-
tively. We summarize our main conclusions in $éc. 5

2 NUMERICAL SIMULATIONS

The “Galaxies-Intergalactic Medium Interaction Calcidat,
(cImic;|Crain et all 2009), simulation series follows the evolatio
of five nearly spherical regions of radius 20 h~ Mpc each,
selected from theMillennium Smulation (Springel et al! 2005).
These regions were selected to sample environments ofr-diffe
ent density, deviating by—2,—1,0,+1,+42)c from the cosmic
average, respectively, where is the rms mass fluctuation on
20 h~*Mpc scales. The regions are sphericakat 1.5, and are
simulated using the standard zoom-in technique describddtail

by, e.g.| Power et al. (2003). We provide here a basic sumwofary
the main characteristics of th@mic project, and refer the inter-
ested reader to Crain et al. (2009) for a more comprehensve d
scription.

GIMIC uses a modified version @fADGET-3, a development
of the GADGET-2 code |(Springel 2005) that includes new mod-
ules to treat radiative cooling, star formation, chemicafich-
ment, and energetic feedback. Radiative cooling is impidete
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on an element-by-element basis and thus cooling ratesegel{-
consistently as a function of redshift, gas density, temijpee and
chemical composition_(Wiersma et al. 2009). The runs also in
clude a uniform ionizing background (Haardt & Madau 200lijhw
hydrogen- and helium-reionization redshifts:of 9 andz = 3.5,
respectively.

Cold gas with densities exceeding; = 0.1 cm~> becomes
eligible for star formation and is assumed to follow an effec
equation of stateP p4/3, in order to minimize numerical ar-
tifacts in poorly-resolved regions (Schaye & Dalla VeccP98).
Stars are assumed to follow a Chabrier IME (Chabrier 2008}, a

to form at a rate that depends on the local gas pressure and tha=

matches the Kennicutt-Schmidt law (Kennicutt 1989, 1998).
Chemical enrichment is modeled as described by
Wiersma et &l. [(2009), and tracks the synthesislbfindivid-
ual elements. As massive stars explode as supernova (S3), th
inject energy and metals into their surroundings. This lheet is
implemented, in practice, by using a fractigay of the energy
released by SN in order to modify the velocity of a few,}
neighboring gas particles by introducing a velocity “kickf
magnitude V,, to each |(Dalla Vecchia & Scheye 2008). These
parameters are set GIMIC t0 fsn = 0.8, 5, = 4 andV,, = 600
km/s, which results in a good match to the peak of the glofzal st
formation rate density (Crain etlal. 2009; Schaye &t al.|2010
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Figure 1. Left: The kinematic morphology parametet,ot, defined as the
fraction of kinetic energy in organized rotation (Eh. 1ystes the fraction of

All gImiC runs adopt the same cosmological parameters as stars with circularity parameter, > 0.5. The cumulative fraction is shown

the originalMillennium Smulation, which were chosen to be con-
sistent with the WMAP-1 constraint§2,,, = 0.25; Qx = 0.75;
Q, = 0.045; ns = 1; 08 = 0.9; Hy = 100h km s™! Mpc™*;

h =0.73.

The particle mass in the simulationslig x 10° A~! M, and
6.6 x 10° b~ My, for the baryons and dark matter, respectively.
The gravitational softening is initially fixed in comovingits, but
is fixed atz = 3 and thereafter te = 0.5h~ " kpc (Plummer
equivalent) in physical units. We shall focus here on thedwaic
regions that have been run o= 0 at this resolution: the-2¢ and
0o. As we discuss below, aside from the expected differendedn t
number of systems of given mass, we see no systematic depende
of our results on the overdensity of the region, which mayetfoze
be thought to apply to average regions of the Universe.

We have usedsusrIND (Springel et all 2001; Dolag etlal.
2009) to identify galaxies in the high-resolution regiorfstioe
GIMIC runs. We shall only consider in the analysis ttestral
galaxies of halos within a narrow range of villahass:0.5 <
Mapo/10*2 h=* M < 1.5. This ensures homogeneity in the set
of systems selected for analysis and eliminates compicatihat
may arise from considering satellites of larger systemsedshift
z = 0, these criteria identifi38 and 62 galaxies in the-2¢ and
0o runs, respectively. Each of these halos is resolved witbhiyu
200,000 particles (dark plus baryonic), allowing for a mrable
estimate of the relative importance of the disk and sphataidm-
ponents. None of the results we discuss here show signifisant
pendence on which region we consider, so we will groupltie
galaxies together without making distinction regarding ¢hmic
run where they were identified.

1 Virial quantities throughout this paper are defined at tiusenclosing
200 times the critical density for closure.
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with a dashed line. The shaded regiend; > 0.7) indicates where “disk
dominated” galaxies lie in this ploRight: The distribution of circularities,
€5 = jz/Jcirc(E), is shown for three galaxies with different valuesgfs .

3 SIMULATED GALAXY MORPHOLOGIES
3.1 Morphology estimates

As discussed in Set] 1, we shall adopt a somewhat narrow -defini
tion of morphology based on the importance of ordered ranat
the structure of a galaxy. Although we refer to this as thio raft
disk to spheroid, it should be noted that this may differ,imet
substantially, from traditional bulge-to-disk decompiasis based
on photometric data. The latter are based on assumptioasdreg
ing the shape of the brightness profile of disks, usually mssu
to be exponential, and spheroids, assumed to follow eith&fadi-
couleurs or Sersic profiles. As discussed by Abadi et al.3p0see
alsol Scannapieco etlal. 2010), these assumptions are oakiywe
fulfilled by simulated galaxies, and kinematic decomposii can
give rather different spheroid-to-disk ratios than phoatnic ones.
Photometric studies can also be affected by color gradiertimc-
tion, and projection effects (see, elg., Governato let H9POWe
avoid these complications by focusing our analysis on kat@n
data alone, although we plan to consider the implicationsusf
results for photometric studies in future work.

The importance of ordered rotation may be clearly appreci-
ated from the distribution of the stellar orbittcularity parame-
ter,e; = j./jeirc(E), defined as the ratio of the component of the
specific angular momentum perpendicular to the disk (iligned
with the total angular momentum of the galaxy), to that of a
circular orbit with the same binding energy;..(E). Defined in
this way, ¢; takes values in the range-(,1), where the extreme
values correspond to the counter- and co-rotating circulaits in
the symmetry plane of the galaxy, respectively.
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Figure 2. lllustration of the structure of four galaxies in our sampiéh increasing degree of rotational support (left to rjgfithe first and second rows show
edge-on and face-on projections of the stellar distrilputithe yellow circle marks the radius,,; = 0.15r200, used to define the galaxy.
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Figure 3. Top and bottom rows show the circular velocity profité,(r), and the stellar surface density profiles, respectivelgatdxies A-D in Fig[R. Red
lines in the bottom panels indicate the stellar half-madiissof each galaxy. Dashed magenta lines indicate de ViewsuR!/4 profile fits. Straight dashed
lines in blue indicate exponential profile fits. The shade@dnighlights a radius equal to three Plummer-equivaleatigtional softening scalelengths. Note
that spheroids can be well fit by a singi/4 law, but that disk-dominated galaxies show evidence of aaledtleurs’ spheroid plus an exponential disk.
Disks are extended and have approximately flat circularcitglaurves, spheroids tend to be denser and to have deghnirturves.

We show the:; distribution in the right-hand panels of Fig. 1
for three simulated galaxies, chosen to illustrate threeesenta-
tive cases. The top panel corresponds to a galaxy where taost s
are in coplanar, nearly circular orbits, hence the shapplgked dis-

of stars with circularities exceeding a fixed fiducial valsech as
f(Ej > 0.5).

Although conceptually simple; distributions are not easy to
relate to observation, so a simpler quantitative measumoophol-

tribution nearc; = 1. The bottom panel corresponds to a spheroidal ogy is desirable. One alternative is the fraction of kinetiergy

galaxy where ordered rotation plays little role; thedistribution is
broad and centered around zero. The middle panel correspond
an intermediate case, where a non-rotating bulge of stassris
rounded by a well-defined thin disk. A simple quantitativeame
sure of morphology can therefore be constructed by theifract

invested in ordered rotation,

_ Krot _ 1 1 jz 2
o = 2 = 2 2 gm() M
krot ~ 1 for disks with perfect circular motions, and 4 1 for
non-rotating systems. As Fifl 1 makes cleak,; correlates ex-
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Figure 4. The kinematic morphology parametes,ot, versus a number of parameters characterizing the prepetid assembly history of each galaxy and
its surrounding halo. On the left, from top to bottotg,o, is the half-mass halo formation time, in Gyl M), is the maximum fraction of the final halo
mass assembled in the single largest merger event after3; and )\’ is the dimensionless rotation parameter [dq. 2). On the, righ galaxy formation
“efficiency”, Nga1,« = Mga1/(foarM200); face iS the fraction ofaccreted stars (i.e., stars formed in galaxy progenitors other thamtain one) andh, o is

the fraction of stars born out of gas that went through the fihase” (i.e. Timax > 1055 K). Correlation coefficients for each panel are given in €ghlSee
text for further details.

tremely well with the fraction of stars with > 0.5. In what fol- intermediate types where both rotation and velocity disiperplay
lows, we shall use,. to rank galaxies according to the importance a comparable structural role. It is important to note thatsaumple
of their rotationally-supported components. contains galaxies spanning a wide range.ist, from “pure disk”

) ) _ systems with a negligible fraction of stars in counter-iagrorbits
For convenience, we shall hereafter refer to galaxies with (j o 7 () to spheroids with little trace of rotational support.
Krot < 0.5 andkyot > 0.7 as spheroid- or disk-dominated, re-

spectively. The first group makes up 25% of the sample; the
second group comprises anothe30%. The remainder consist of

(© 0000 RAS, MNRASD00, 000—-000
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3.2 Examplesof galaxy morphologies

Fig.[2 shows four examples chosen to illustrate the stractdr
galaxies with various values ef.... The panels show edge-on and
face-on projections of each galaxy, colored by stellaraagrimass
density on a logarithmic scale. F[d. 3 shows circular vejopio-
files and (face-on) stellar surface density profiles. Theakegf ro-
tational support increases from left to right: the leftmastl right-
most are spheroid- and disk-dominated systems, resplgctivgle
the two middle ones are intermediate-type objects. Lalmeésach
panel indicate, for each galaxy, the stellar mass withinréous,
real = 0.15 7200, Used to define the central galaxy. Table 1 lists
some physical parameters of galaxies A-D.

Figs.[2 and B, together with Tablé 1, show that simulated
galaxies have several properties in common with nearbptelli
cals and spirals. Spheroid-dominated galaxies are gas-geoese
stellar systems with declining circular velocity curvesheseas
disk-dominated galaxies are richer in gas, more spatiatigreled,
and have nearly-flat circular velocity curves. Interedgingrom
the point of view of surface density profiles, spheroids amgls-
component systems well approximated by de Vaucoulehfg*
law (dashed magenta lines in the bottom panels of[Big. 3k-Dis
dominated systems, on the other hand, have more complelegrofi
with a centralR'/* spheroid surrounded by an exponential compo-
nent that increases in importance in step with. Like most spi-
rals, they are well approximated by the sum of a de Vaucosileur
spheroid (dashed magenta lines) and an exponential lahédas
cyan lines).

As discussed in detail by McCarthy et al (in preparatiorgsth
similarities with observation actually extend to quaniva com-
parisons with observed scaling laws, such as the TullyeFista-
tion or the Fundamental Plane. The agreement between s$edula
galaxies and observation is encouraging, and suggestththati-
gin of the morphological diversity of simulated galaxies gao-
vide insight into what determines the relative importantdisks
and spheroids in real galaxies.

A few caveats should also be mentioned. A wide variety of
morphological types does not automatically guaranteeockr-
ing the right morphological mix of galaxies in this mass rang
Indeed, a casual inspection suggests that spheroids neghidy-
represented in our sample. However, because most morptalog
classifications are based on photometric data, exploriisgishue
in detail would require synthesizing “observations” of tieu-
lated galaxies in various bands and analyzing them in theesam
way as observed samples, which is beyond the scope of this wor
Moreover, as discussed lin_Crain et al. (2009), ¢helic galaxy
stellar mass function differs substantially from the okedrone,
implying that such exercise would be inconclusive, regzssllof
its results. Our main goal is thus not to test the viabilityhe par-
ticular star formation/feedback implementation adoptedimic,
but rather to learn about the various mechanisms respenfibl
the origin and relative importance of rotationally-sugpdrversus
dispersion-supported stellar components in a galaxy.
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Figure 5. The fraction of stars born from gas that went through the “hot
phase” (i.e.Tmax > 10%-5 K) versus the median formation time of stars in
the galaxy,t;o%’. Symbols encircled in grey correspond to systems where
more thanl0% of stars were accreted in merger events. Each galaxy is color
coded according to its morphology: red dots, green asteesK blue trian-
gles correspond to spheroid-dominated, intermediate,dasiddominated
systems, respectively, as labeled by the; parameter. Histograms show
the distribution of median formation time for each of thesee¢ groups.
The tight correlation betweefi,or andt} ., suggest that gas able to reach
the “hot phase” take longer to accrete and to be transformtedsiars that
gas accreted “cold”. Late gas accretion clearly favors sisembly of stellar
disks.

4 THE ORIGIN OF SIMULATED GALAXY
MORPHOLOGIES

4.1 Dependenceon dark halo properties

As discussed in Seld] 1, stellar disks are expected to forneaten-
ters of halos with quiet recent accretion histories and higgular
momentum. Halos that have been relatively undisturbed bgnte
major mergers tend to form earlier, so we may also expedastel
disks to inhabit halos with early formation times.

We explore this in Fig.J4, where the left panels show the de-
pendence ok..t on (i) the halo formation timetsq, (when the
most massive halo progenitor reaches half the final halo ynass
(ii) the fraction of halo mass accreted in the single largestger
afterz = 3, AMimm, and on (iii) the dimensionless rotation pa-
rameter,

"= L# )
V2 Ma20oVa00r200
whereJ is the total angular momentum of the halo (Bullock et al.
2001).

None of these parameters correlates strongly with galaxy mo
phology (see Tablg] 2). Disks form in halos with low and highnsp
parameter; in halos that collapse early and late, and evbalos
that have accreted a substantial amount of mass in mergetseve
The same applies to spheroids, except perhaps for a weadrend
to prefer halos with slightly lower-than-average

Fig.[4 also shows that major mergers are uncommon during

(© 0000 RAS, MNRASD0O, 000-000
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Figure 6. Formation time of stars (expressed in terms of redshiftswer
the circularity parametee,;, measured at = 0, for the four galaxies illus-
trated in Fig[2. Stars formed in the main progenitor (in)sitte shown in
black, accreted stars in red. The magenta curve tracks themeircularity
as a function of formation time. The two spheroid-dominajatixies show
signs of episodic star formation events that lead to theemess at: = 0,
of stellar populations with distinct angular momentum gnties. Disks, on
the other hand, tend to form more gradually over time and tddmeinated
by a single population with coherently-aligned angular reatam.

the formation of halos in the narrow mass range consideregt he
0.5 < Mago/10"2 h™' My < 1.5. Most systems have accreted
less thar20% of their final mass in a single merger singe= 3,
and these events seem unrelated to the morphology of theatent
galaxy atz = 0.

Finally, morphology also seems unrelated to the fraction of
baryons within the virial radius that collects to form thdaygy.
This is illustrated in the top-right panel of Figl 4, where plet
krot VS the galaxy formation “efficiency” parametefg. . =
Mgai,«/(foar M20o), Where fra, = Q3/Qn = 0.175 is the uni-
versal baryon fraction. Although we consider halos in a owarr
mass range, the efficiency of galaxy formation varies fr2ifi
to 70% (with an average ofrga1,«) = 40%) and appears to have
little influence on the morphology of the central gala@rlthough
there is a weak tendency for disky objects to prefer loweanesbf
Ngal,* -

Thus, contrary to simple expectations, spheraas form in
quiescent halos, and diskan form in halos of scant angular mo-
mentum content. Simple predictions of the morphology oflaxga
based on the properties and assembly history of its surmognd
dark halo will thus often be wrong.

2 We note that abundance matching models (see, e.g.. MostErae1 0;
Guo et al.. 2010) demand an even lower galaxy formation effigieto
match the galaxy stellar mass function, which would weakem durther
the link between the properties of a central galaxy and this surround-
ing halo.
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4.2 Dependenceon galaxy history

Galaxy mergers can still in principle play a role in deterimgrmor-
phology, if their importance is underestimated by Hado merger
paramete”\ Mimm. INdeed, galaxies take longer to merge than ha-
los do, and, due to the large scatter in galaxy formationieffay,

the mass ratio of galaxy mergers may differ substantiatiynfthat

of their surrounding halos.

We examine the importance of accretion on morphology more
explicitly in the middle-right panel of Fig]4, where we plat,; vs
face, the fraction of staraccreted by the galaxy; i.e., those formed
in systemsother than the main progenitor of the galaxy. This is a
direct measure of the importance of accretion events in dild-b
up of the galaxy. Two points are worth noting here: most gakax
form the majority & 90%) of their starsin-situ, and there is no
correlation betweem,.: and f..c. The accreted fraction exceeds
25% in only 5 of our 100 simulated galaxies; overall, accretion
events just seem to bring in too few stars to play a significalet
in the morphology of our simulated galaxies.

An interesting clue is provided by the thermodynamic higtor
of the gas before it is transformed into stars. This may benased
simply by tracking every stellar particle back in time andégord-
ing the maximum temperatur&;.., reached before the particle
accretes into the galaxy and becomes eligible for star fboma
If Thax €xceedsl0®® K, then in all likelihood it was accreted by
gradual cooling from a shock-heated, nearly hydrostaticogaona
(see, e.gl. Crain etlal. 2010; van de Voort et al. 2011).

The fraction of starsji.:, whose parent gas particles went
through this phase correlates well with.:, indicating that accre-
tion of gas from the “hot phase” favours the formation of disk
(see bottom-right panel of Fid.] 4). No disk-dominated gglée.
Krot > 0.7) forms unlessfio, exceedst0%. This is intriguing,
since it runs counter recent proposals that “cold flows”, gas
that gets accreted directly into the galaxy without goingptigh
the hot phase, might promote the formation of extended desks,
Keres et all 2005; Dekel etlal. 2009; Brooks et al. 2009).ni-a
thing, our simulations suggest the opposite; the majoritgtars
in spheroid-dominated galaxies originate in gas that desmold.

One reason for this result is illustrated in Hig). 5, whichveio
that there is a tight correlation between the fraction ofsstaorn
from gas that cooled from a hot corona and the median formatio
time of stars in a galaxyt;,.,. Heating gas to a hot corona be-
fore cooling delays its accretion and favors the late asieofla
galaxy: the largetfiot the later stars form. Enhancing recent star
formation promotes the formation of disks and facilitatesiit sur-
vival until the present. This scenario, although appealsegms
incomplete, given the presence of several spheroid-ddedreys-
tems that form despite higfi..¢, latety,, and in the absence of
significant merger activity.

4.3 Dependence on spin alignment

Our results so far suggest that the morphologycafiic galax-
ies is linked largely to internal mechanisms operating iiviial-
ual galaxies rather than to accretion-driven transforomati This
has been anticipated by semi-analytic models of galaxy dition,
where secular evolution driven by “disk instabilities”, tteought
to be an important formation path for spheroids. These lista
ities are assumed to be triggered when the self-gravity atka d
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exceeds a particular threshold. For fixed halo mass, as isaf

ple, this should lead to noticeable correlations betweennthass

of the galaxy and the importance of the spheroid. Howeveneas
discussed above, no such correlation is apparent.

Recalling the relation betweefiq, t5y5, andx o, We look
at the star formation history for further clues. Hig). 6 pltite for-
mation redshiftzs.m, Of stars in the four galaxies shown in Fig. 2
versus the "circularity” parametet,;, measured at = 0. Points
in black correspond to stars forméatsitu (i.e., within the main
progenitor) while those in red are accreted stars.
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shear tensor due to the large-scale distribution of sudimgnmat-
ter, so that the direction of the acquired spin usually aigith
the intermediate axis of the mass distribution (Catelan & Theuns
1996; Porciani et al. 2002a|b; Navarro et al. 2004). Forligighn-
uniform spatial distributions, where the principal axeshef inertia
tensor can change direction abruptly, this effect may ctsaet
angular momentum of different parts of the system to flip amg m
align.

We see from Fid 17 that this is indeed the case for galaxy B.
Here the arrows indicate the direction and magnitude, &t 3.5,
of the specific angular momentum of the in6%, 50% and95%
of the baryons that end up in the galaxy:at 0. The length of the
arrows is normalized to the total, which is chosen by cortiin
to coincide with the: axis of the projection. The angular momenta
of different parts of the system are clearly misaligned: dhgle
betweenjo.2 andjo 5 is 85 degrees, and that betwegrs andjo.os
is ~ 100 degrees. Since gas further out in Hi§). 7 takes longer to
accrete, newly assembled material will be misaligned withrest,
leading to the formation of distinct populations of stafso{@n in
Fig.[8) that will tend to destabilize any existing disk anccgmcel
out the net angular momentum of the system; leaving in place a
slowly-rotating stellar spheroid.

On the other hand, the spins of different parts of the system
are very well aligned in the case of the disk-dominated gal@x
as shown in Figld7. This coherence in the angular momentum at
turnaround allows newly accreted material to settle intdaable
disk where star formation can proceed gradually and smypothl

We show in Fig[B that this result applies to the majority of
spheroid- and disk-dominated galaxies in our sample. Herplat,
for the ten galaxies with highest and lowest values:@f where
accretion has played a minor rol¢.{. < 0.1), the cosine of the
angled between the angular momentum of a given enclosed mass
fraction m/m¢o¢ and the direction of the total spin of the system.
By construction, each curve in Figl 8 is constrained to agpgiho
unity as the enclosed mass approaches..

It is clear from this figure that different regions of systems
destined to form spheroid-dominated galaxies have, aatatmd,
large misalignments in their acquired spin. Indeed, in mzases
the inner regions counterrotate (i.eas(f) < 0) relative to the
outer regions of the system. This is not the case for systhats t
become disk-dominated which, in general, show coherentieein

This figure shows that, as expected, star formation proceeds 5ignment of the spin axis. In these cases, the enclosedfispec

gradually in disk-dominated systems. In spheroids, howestars
form in separate episodes that leave behind stellar “ptipuE

of different ages and distinct angular momenta. Since nmass$ s
formin-situ, these populations in galaxies A and B are likely caused

angular momentum increases roughly linearly with encloseds
fraction. As Fig[® shows, the same result applies to all>dgesa
in our sample: despite the large scatter, on average, theaed
alignment at turnaround increases gradually with the ingoae of

by gas accretion events where the net angular momentum of oneine gisk component in the morphology of a galaxy at 0.

event is misaligned with the others. On the other hand, desigto
form out of accreted gas that shares a common angular momentu
direction.

The right panels in Fid.]8 show that a similar assessment ap-
plies to the dark matter halo surrounding these galaxies.hEfos
of spheroids also show, at turnaround, stronger misaligisrtban
the halos that host disk galaxiesat= 0. This is encouraging,
since it implies that it might be possible to use the angulamen-

These considerations suggest that the final morphology of a tum properties of a dark matter halo at turnaround to “prtédie

galaxy is imprinted early on, since the spin of the materisitithed

to form a galaxy is acquired at the time of maximum expansion
and changes little in the absence of merging (see/e.q.NBR4;
Navarro et al. 2004). We illustrate this by studying the dagmo-
mentum of galaxies B and D at = 3.5, which roughly corre-

sponds to the time of turnaround of both systems. [Hig. 7 shows

the spatial distribution of all baryons that will end up vitithrg
at z = 0. Net angular momentum is acquired through the inter-
play between the inertia tensor of the mass distribution tied

(© 0000 RAS, MNRASD00, 000—-000

morphology of its central galaxy at = 0. We emphasize, how-
ever, that the trends we highlight here, although well defirmze
relatively weak, so the correspondence between early tralp- p
erties and final galaxy morphology is likely to apply statially
rather than to individual systems.

Quantitatively, the dependence of present day morphology o
spin alignment at turnaround is shown in the inset panel of[%:i
Here we show, for each individual system,: versus the average
cosine of the angle, at turnaround, between the angular mome
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tum enclosed by different mass shells and the total. Theltigen
clear: systems with better-aligned spins at turnaround terbe
more disk-dominated at present. The trend is even strongenw
considering only systems where mergers have played a noter r
(face < 0.1, solid points). The correlation coefficientiis = 0.49
(with significanceA ~ 2 x 107%) and confirms our earlier con-
clusion that significant misalignment in the distributidrangular
momentum can lead to the formation of spheroid-dominated sy
tems in the absence of significant merger events.

4.4 Spin alignment vs mode of accretion

The results of the above subsections suggest that theratdeagt)
two mechanisms responsible for the morphologycafiic galax-
ies: the alignment of the spin acquired by various parts aflaxy
and the mode of gas accretion. Figl 10 shows that these tecteff
are approximately independent of each other: there is n@obv
correlation between the fraction of gas accreted from thighase
and the alignment parametéros(6)). However, disk-dominated
systems (blue triangles) separate from spheroid-dondnates
(red circles) fairly neatly in this plane, suggesting that: is de-
termined by a combination of the two mechanisms.

Large fuot favors disk formation: gas shock-heated into a
nearly-hydrostatic corona of hot gas is forced to homogeit&zro-
tational properties before accretion, providing the fargngalaxy
with a gradual supply of gas that shares the same spin aris{gg,
Brook et al! 2012). Disk-dominated systems then form wifien
is large, unless the spin misalignments are large enougtstopd
them: no disk-dominated system forms whens(9)) < 0, even
for relatively large values ofios.

Spheroids, on the other hand, form primarily when cold gas

accretion prevails fi,ot < 0.4): gas that flows along distinct fila-
ments cannot interact hydrodynamically before accretimh will
often have misaligned net spins. Each accretion event #émirits
in the formation of a “population” of misaligned stars thall ¢end
to destabilize any existing disk and to cancel out the netiang
momentum of the system, leaving in place a slowly-rotatiedjar
spheroid. Intermediate systems, in general, result whedétete-
rious effects on stellar disks of cold accretion events atgated
by well-aligned spins.

In other words, spheroid-dominated galaxies in our sample
do not originate from disk instabilities triggered by sethvity,
as envisioned by semi-analytic models, but rather by theeacc
tion of gas that settles on off-axis orbits relative to earéiccreted
material. This has been seen in earlier work (e.g.. Brook et a
2008;|[ Scannapieco etlal. 2009), and might be related to sudde
changes in the orientation of the dark matter halos as discus
inBett & Frenk (2011). Its relevance to the formation of thieole
class of spheroidal galaxies, in the absence of mergingadiaget
been recognized and emphasized.

We hasten to add that the importance of this mechanism for the
formation of spheroids might depend on halo mass, and thatwe
plore only a narrow range here:5 < Mago /102 h™' Mg < 1.5.
This caveat might be particularly relevant in the case ofrtoest
massive spheroids, where merging likely plays a more inaport
role (e.g. | Parry et al. 2009; De Lucia etlal. 2011; Feldmarail et
2010). Caution must also be exercised when extrapolatedjik
between morphology and the fraction of stars born from hoteac
tion. Disk-dominated galaxies might still form out of colccaetion
if, for example, the most recent episode of accretion sapptiost
of the mass of the system. Repeated cold accretion eventiimay
der disk formation, but a single major event may very welilf@te
it.

5 SUMMARY

We use gasdynamical cosmological simulations of galaxsnéor
tion to study the origin of different galaxy morphologies time
ACDM cosmogony at redshift = 0. TheGIMIC simulation series
covers a large volume and has a resolution high enough tg stud
the structure and kinematics of the stellar componenitgofcen-

tral galaxies in Milky Way-sized halos. We focus our anaysn

the origin of galaxy morphology, somewhat narrowly defined a
the relative importance of rotational support vs veloditgpersion
support (the disk-to-spheroid ratio) in the structure & tgalaxy.
Our main results may be summarized as follows:

e The simulated galaxies span a wide range of morphological
types, from rotation-free spheroids to almost pure dislaxjaeb
where fewer thah % of all stars are in counterrotating orbits. Disks
have roughly exponential stellar surface density profiled #at
rotation curves, whereas spheroids are dense stellamsygtet
can be approximated by de Vaucouleu*/* profiles. The re-
semblance with real galaxies suggests that it should belpese
gain insight into the origin of galaxy morphology by studyithe
mechanisms responsible for the relative importance ofsdésid
spheroids ircImMIC galaxies.

e The morphology of simulated galaxies seems mostly unilate
to the spin or assembly history of their surrounding darktemat
halos. Most stars fornn-situ and comprise on average about
40% of all available baryons in the halo. Most baryons in a halo
therefore end up not making part of the central galaxy, whiglps
to explain the weak correlation between the properties loishend
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those of central galaxies. Contrary to simple expectatidisks
form in halos with low and high angular momenta, and spheroid
form even in galaxies where most stars famrsitu, suggesting a
formation path for spheroids that does not rely on merging.

e The star formation history provides an interesting clueht® t
origin of morphology. Disks tend to have young stars, anatof
gradually over long periods of time. This is because gradoaling
from a hot corona delays the accretion of gas and promotestat
formation.

e Star formation in spheroids proceeds episodically, leqbie-
hind populations of stars of similar age but distinct kinéing
These populations originate from the accretion of gas wiaose
gular momentum is misaligned relative to that of earliesrated
material. The misalignment destabilizes any pre-existitigk,
prompts the rapid transformation of gas into stars, andaesithe
net rotational support of the system.

e Since angular momentum is largely acquired at the time of
maximum expansion of the material destined to form a galaxy,
good indicator of morphology at = 0 is the coherence in the
alignment of the net spin of various parts of the system atithe
of turnaround. Spheroid-dominated galaxies form in systetmere
misalignments are substantial whereas disks form in systemere
the angular momentum of all mass shells is roughly aligned.

e The final morphology of a galaxy results from the combined
effects of spin alignment and of hot/cold gas accretion.kDis
dominated objects are made of stars formed predominamgiyu,
and avoid systems where most baryons were accreted colihsw t
where spin misalignments are extreme. On the other hanegtdir
filamentary accretion of cold gas, especially when accornegaoy
substantial spin misalignments, favours the formationlofvky-
rotating spheroids, which may thus form even in the absefice o
mergers.

Our results suggest a new scenario for the originaf... stel-
lar spheroids that does not rely on merging. This scenariog o
developed more thoroughly, should offer a number of préstist
falsifiable by observation. For example, the episodic matdrstar
formation in spheroids envisioned here is expected to ldmve
hind overlapping populations of stars of distinct age, kiaécs,
and, possibly, metallicity) that survive to the presentshese of the
paucity of mergers. We plan to explore the observationalatiges
of these populations in future work.

The scenario we propose here also offers clues to the origin o
pure disk galaxies. A number of our simulated galaxies hawe v
tually no “classical” spheroid, with fewer thd¥ of their stars in
counterrotating orbits. These galaxies form either ineaystwhere
spin alignment is extraordinarily coherent or where mosthef
baryons in the galaxy get accreted late from a hot coronaoétih
at this time limited numerical resolution precludes a mataied
study, we plan to use these clues to resimulate some of these s
tems at higher resolution with the goal of shedding ligho itite
origin of bulgeless galaxies.

We emphasize that, although coherent spin alignment at earl
times is clearly an important clue, it should be consideredrze
ingredient of the complex process that determines the nobrph
ogy of a galaxy. Strong feedback, for example, may expeldray
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Table 1. Summary of main properties for Gal A-D in Figl 2 3. Rows
correspond to the virial mastl2go; galactic mass in sta®/str; gasMgas
and gas fractionfgas; peak circular velocityVimax; the circular velocity
measured at the galactic radiVis(r = rga1); the degree of rotational sup-
port krot; and the fraction of the stars in counter-rotating orlfits

Property GalA GalB GalC GalD
Mago[102h =1 M ] 1.18 0.98 0.77 1.04
Mte (1 < 7ga1)[1010h 71 M )] 8.98 7.25 5.42 6.31
Mgas(r < 7ga1)[101°h71Mg] 051 0.72 1.00 1.86
foas(Mgas/(Mgas + Mstr)) 0.05 0.09 0.15 0.23
Vimax [km/s] 471 383 300 280
Ve(r = rga1) [km/s] 187 172 160 178
Krot 0.31 0.47 0.61 0.76
fe 0.48 0.33 0.12 0.06

Table 2. Spearman rank correlation coefficients, betweensot and the
halo/galaxy properties shown in Fig$. 4 4dd 9. The seconshuolshows
the two-sided significance of its deviation from zero, as potad by the
IDL subroutiner - cor r el at e: smaller values indicate more significant
correlations.

Property rs A
t50% 0.05 0.60
Almm —0.06 0.57
N 029 28x1073
Ngal,* —0.30 1.9 x 103
face 0.06 0.55
Fhot 0.55 1.6x 1079
< cos(6) > 0.41 2.0x107°

disk. Finally, although mergers are rare in the mass rangexwe
plore here, they likely play a more important role in the farm
tion of more massive spheroids. Until simulations can rdpce
not only the properties of individual systems, but the ftatistical
distribution of galaxy morphologies and their dependentenass
and environment, it is likely that a full understanding oé tbrigin
of galaxy morphology will remain beyond reach.
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