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We simulate the formation and evolution of galaxies with @regynamical model including
star fromation, supernova feedback, and chemical enriohmierom the comparison with ob-
served elemental abundances, we study the evolution ofigaland the origin of heavy elements
(Galactic Archaeology).

A large fraction of hypernovae is required from the obsemfedndance ratios in the Milky Way
Galaxy (namely, [Zn/Fe}- 0). Our progenitor model of SNe la based on the single degémer
scenario with the metallicity effect is prefered from thelenion of the abundance ratios (namely,
[(a,Mn,Zn)/Fe]-[Fe/H] relations).

In our simulated Milky Way-type galaxy, the kinematical asfeemical properties of bulge, disk,
and halo are broadly consistent with observations. 80%edftiige stars are as old as 10 Gyr, and
have high fr/Fe], while the disk stars tend to be young and show the dsicrgé&rend of fr/Fe]
against [Fe/H]. 80% of thick disk stars are older thaB Gyr, and tend to have largax{Fe] than

in the thin disk. We also predict the frequency distributiorthe [X/Fe]-[Fe/H] diagrams from
carbon to zinc, depending on the location within the galaxy.

In our cosmological simulation, the hypernova feedbacl plaessential role in suppressing star
formation, which results in the cosmic star formation raigdry peaked ar ~ 3 as observed.
The hypernova feedback also drives galactic outflows effilyien low mass galaxies, and these
winds eject heavy elements into the intergalactic mediune djected baryon and metal fraction
is larger for less massive galaxies, which results in theenlesl mass-metallicity relation of
galaxies. We also predict the cosmic supernova and gamyrairst rate hisotries, assuming that
their progenitors are massive and low-metal hypernovae.
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1. Introduction

While the evolution of the dark matter is reasonably wellenstbod, the evolution of the bary-
onic component is much less certain because of the complaiihe relevant physical processes,
such as star formation and feedback. With the commonly eyedloschematic star formation cri-
teria alone, the predicted star formation rates are hidtaar tvhat is compatible with the observed
luminosity density. Thus feedback mechanisms are in geimetaked to reheat gas and suppress
star formation. Supernovae inject not only thermal energyatso heavy elements into the inter-
stellar medium, which can enhance star formation. Chengicathment must be solved as well
as energy feedback. “Feedback” is also important for sgitire angular momentum problem
and the missing satellite problem, and for explaining thisterce of heavy elements in intraclus-
ter medium and intergalactic medium, and possibly the masisdlicity relation of galaxies ([1],
hereafter KQ7).

In the next decade, high-resolution multi-object spectwpy (HERMES on AAT and WF-
MOS on Subaru) and space astrometry mission (GAIA) will evkinematics and chemical
abundances of a million stars in the Local Group. Since wiffe heavy elements are produced
from different supernovae with different timescales, edamal abundance ratios can provide in-
dependent information on “age”. Therefore, stars in a gake fossils to tell the history of the
galaxy. The galactic archeology technique can be used tty $he galaxy formation and evolu-
tion in general. Metallicities are measured in various otgjavith different galaxy mass and as a
function of redshift/time. The internal structure of gatexis observed with integral field spectro-
graphs (e.g., the SAURON project, GMOS-IFU on Gemini, SINFONn VLT). Chemodynamical
simulations can provide predictions to understand theserghtions.

2. Hypernovae

Although the explosion mechanism of core-collapse supamds a debated issue, the ejected
explosion energy anePNi mass (which decayed ®8Fe) can be estimated from the observations,
i.e., the light curve and spectra fitting of individual supmra. As a results, it is found that hyper-
novae (HNe), which have more than ten times larger explosnangy Es; >10), produce a certain
amount of iron [2].

We calculate the nucleosynthesis yields for wide rangeseatfiliicity (Z = 0— Z.) and the
explosion energy (normal SNe Il and HNe). Assuming that & dlafupernovae with< 20M
are HNe, the evolution of the elemental abundance ratias fiwygen to zinc (Fig.1) are in good
agreement with observations in the solar neighborhoodjehiialo, and thick disk ([3], hereafter
K06). Among thea-elements, O, Mg, Si, S, and Ca show a plateau at [Fe/H} 1, while Ti
is underabundant overall. The observed decrease in th& alieinents (Na, Al, and Cu) toward
low [Fe/H] is reproduced by the metallicity effect on nudgnthesis. The iron-peak elements
(Cr, Mn, Co, and Ni) are consistent with the observed mealme\ﬁaat—Z.SN< [Fe/H]N< —1, and
the observed trend at the lower metallicity can be explalmethe energy effect. Especially, the
observed abundance of Zn ([Zn/F€]0) can be explained only by such large contribution of HNe.
Since the observed [Zn/Fe] shows a increase toward lowelinogy (Primas et al. 2000; Nisesn
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Figure 1. Evolutions of heavy element abundance ratios [X/Fe] ag4itesH] for one-zone models with
our new yields (solid line), and with only SNe Il (dashed )in@nd with the double-degenerate scenario of
SNe la (dotted line). The dots are observational data (sé&f#tthe references).

et al. 2007), the HN fraction may be larger in the earlier stabgalaxy formation. At present, the
HN fraction can be as small as 1%.

3. Typela Supernovae

The progenitors of the majority of Type la Supernovae (SNeata most likely the Chan-
drasekhar (Ch) mass white dwarfs (WDs). For the evolutioscofeting C+O WDs toward the Ch
mass, two scenarios have been proposed: One is the do#eeatate (DD) scenario, i.e., merg-
ing of double C+O WDs with a combined mass surpassing the (s fimait, although it has been
theoretically suggested that it leads to accretion-induzslapse rather than SNe la. The other is
our single-degenerate (SD) scenario, i.e., the WD massyjogvaccretion of hydrogen-rich matter
via mass transfer from a binary companion.

We construct a new model of SNe la, based on the SD scenédkting taccount of the metal-
licity effect of the WD wind [4] and the mass-stripping eff¢g] in the binary systems. Our model
naturally predicts that the SN la lifetime distribution apa range of A — 20 Gyr with the double
peaks at~ 0.1 and 1 Gyr reflecting the two systems of the companion sthesyain-sequence
(MS)+WD and red-giants (RG) +WD systems, respectively.aBee of the metallicity effect, i.e.,
because of the lack of winds from WDs in the binary systemes SN la rate in the systems with
[Fe/H] < — 1, e.g., high-z spiral galaxies, is supposed to be very small

Figure 1 shows the evolutions of heavy element abundanies fa¢/Fe] against [Fe/H] for
one-zone models with our new yields (solid line), and witlyddNe Il (dashed line, Nomoto et
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al. (1997)’s yields adopted), and with the other SN la modettéd line; the lifetime distribution
function from the DD scenario is adopted). As the time gdes,iton abundance increases, and
the abundance ratio for many elements stays constant widteap value at [Fe/Hf — 1, which

is determined only by SNe Il and HNe. From [Fe/d]—1, SNe la start to occur producing more
Fe thana-elements, and thusifFe] decreases toward the solar abundance. The [Fe/H] where
[a/Fe] starts to decrease depends on the SN la progenitor m@iaf SN la model can give
better reproduction of the ¢, Mn, Zn)/Fe]-[Fe/H] relations than other models such asDie
scenario. With the DD scenario, the typical lifetimes of Sdare~ 0.1 Gyr, which results in
the too early decrease iw[Fe] at [Fe/H]~ —2. Even with our SD model, if we do not include
the metallicity effect, §t/Fe] decreases too early because of the shortest lifetir@]l Gyr, of
the MS+WD systems. In other words, the presence of the yoopglation of SNe la strongly
favors the presence of the metallicity effect to be conststéth the chemical evolution of the
solar neighborhood. Note that the star formation histoytatal number of SNe la are determined
to meet the observed metallicity distribution function.[6]

While the present SN la rate in elliptical galaxies can beadépced with the old population
of the RG+WD systems, the large SN la rate in radio galaxiedddoe explained with the young
population of the MS+WD systems. We also succeed in repindube galactic supernova rates
with their dependence on the morphological type of galaennucci et al. 2005), and the cosmic
SN la rate history with a peak at~ 1. Atz >1, the predicted SN la rate decreases toward higher
redshifts and SNe la will be observed only in the systemsthhet evolved with a short timescale
of chemical enrichment. This suggests that the evolutifecein the supernova cosmology can be
small [6].

4. Chemodynamical M odel

The details of our chemodynamical models are described,iafidd can be summarized as fol-
lows. i) The Smoothed Particle Hydrodynamics (SPH) metlkatiopted with individual smooth-
ing lengths and timesteps. For the simulations of individyzaxies, the gravity is calculated in
direct summation using the special purpose computer GRAFRYity PipE). For cosmological
simulations, we basically use an SPH code GADGET-2 by Splif&905), and introduce the same
models of physical processes as in the GRAPE-SPH codradi)ative cooling is computed using
a metallicity-dependent cooling function (Sutherland &dida 1993). iii) Ourstar for mation cri-
teria are the same as in (Katz 1992); (1) converging flawyv); < 0, (2) rapid coolingtcool < tayn,
and (3) Jeans unstable gagn < tsound The star formation timescale is proportional to the dynam-
ical timescaletf; = %tdyn), where the star formation timescale parameter 0.1 is adopted [8].

If a gas particle satisfies the above star formation criteritxactional part of the mass of the gas
particle turns into a star particle. Since an individuat grticle has a mass of 10'M.,, it dose

not represent a single star, but an association of many Siaessmass of the stars associated with
each star particle is distributed according to an initiakafanction (IMF). We adopt a Salpter IMF
with a slopex = 1.35. iv) For thefeedback of energy and heavy elements, we do not adopt the
instantaneous recycling approximation. Via stellar wjrsiNe I, and SNe la, thermal energy and
heavy elements are ejected from an evolved star particlaretions of time and metallicity, and
are distributed to all surrounding gas particles out to astaont radius of 1 kpc (85), or with the
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Figure2: Luminosity Map of our simulated Milky Way-type galaxy at pent for the rest B (upper panels)
and K (lower panels) bands. Each panel is 20 kpc on a side.

number of feedback neighbolg = 405 (86). v) Thegphotometric evolution of a star particle is
identical to the evolution of a simple stellar populatiorfsFg. SSP spectra are taken from Kodama
& Arimoto (1997) as a function of age and metallicity.

5. Chemodynamical Evolution of the Milky Way Galaxy

We simulate the chemodynamical evolution of the Milky Wgped galaxies from the CDM
initial fluctuation. Thednitial condition is similar to those in Kobayashi (2004, 2005), but with the
initial angular momentum ok ~ 0.1, the total mass of 1012M@, and~ 120000 particles. We
choose an initial condition where the galaxy does not uraengjor mergers, otherwise no disk
galaxy can form. The cosmological parameters are set tdge 70 km st Mpct, Q,, = 0.3,
andQa =0.7.

In the CDM scenario, any galaxies form through the successigrging of subgalaxies with
various masses. In our simulation, the merging of subgedaikiduces an initial starburst and a
bulge forms byz > 3. According to the late gas accretion, a disk structure éh s#z < 2. At
present, the bulge and disk structures are well seen in K amhBs, respectively (Fig.2). 80% of
the bulge starsr(< 1 kpc) are older than- 10 Gyr. In the solar neighborhood € 7.5— 8.5 kpc,
|7l < 0.5 kpc), 50% of the disk stars are younger tha® Gyr, and old stars tend to have small
rotation velocityv and large velocity dispersioo. When we define thick disk ago < 1.5, 80%
of thick disk stars are older than 8 Gyr.

The age-metallicity relations are shown in the upper pavigisgure 3. (a) In the solar neigh-
borhood, [Fe/H] increases to 0 att ~ 2 Gyr, which is broadly consistent with the observation
(Nordstrém et al. 2004). (c) In the thick disk, the relatigrsimilar as in the solar neighborhood,
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Figure3: Age-metallicity relations (upper panels) and [O/Fe]-[ferelations (lower panels) in the solar
neighborhood (a and b), thick disk (c and d), and bulge (e arithie contours show the mass density for the
simulation. The dots show the observations of stars in tlee seighborhood (see the text for data sources).

but most stars are populated in the region with old age andk@iH]. (e) In the bulge, [Fe/H]
increases more quickly than in the disks. Metal-rich stath {iFe/H] ~ 1 appear at ~ 2 Gyr.

The [O/Fe]-[Fe/H] relations are shown in the lower panel&iglure 3, and we obtain similar
results for otherr-elements. (b) In the solar neighborhood, we can reprodueelbservational
trend (Edvardsson et al. 1993, open circles; Bensby et &4,2mall filled circles; Gratton et al.
2003, triangles; Cayrel et al. 2004, large filled circleg)/He] decreases because of the delayed
iron enrichment of SNe la. If we do not include the metaliaffect on SNe la, or if we do not
include HNe, we cannot reproduce the plateau at [Fe/H] 1, and the scatter obf/Fe] at [Fe/H]
< —1listoo large. At [Fe/H]> — 1, the scatter is large. This may be because the mixing ofyheav
elements among gas particles has not been included in onrochymamical model.

(d) In the thick disk, chemical enrichment timescale is soristhat [a/Fe] tends to be larger
than in the thin disk, which is consistent with the obseoradi (Bensby et al. 2004). (f) In the
bulge, chemical enrichment timescale is shorter than irditles, the fr/Fe] plateau continues to
[Fe/H]~ 0, which is consistent with some observations (Zoccali eR808). The star formation
has not been terminated in the simulation, and some newatafserming also in the bulge. Such
young stars tend to have large [Fe/H] and lawHe] in our simulation, and the observed stars in
Cunha et al. (2007) may be affected by inhomogeneity, or samrevolved physics. Particularly,
if the relations of O and Mg are different, we may have to ideltnon-supernova physics such as
strong stellar winds.
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Figure4: The time evolution of our cosmological simulation in a peitwbox 1ch~1Mpc on a side. We
show the projected stellar V-luminosity (upper panels) gasl metallicity lo@y/Z., (lower panels).

We also trace the orbit of star particles, and study the miigithe thick disk. The fractions
of stars that have formed in the disk<{ 1 kpc) are~ 40%. The rest, more than half of thick
disk stars have formed in merging subgalaxies before thesetr onto the disk. In this sense,
the CDM picture seems not to conflict with the Milky Way Galaxjowever, it is very hard to
find initial condition to form disk galaxies (with this resion) because major mergers brake the
disk structure, and late star formation caused by slow gas#an is not enough to re-generate
(contrary to Steinmetz & Navarro 2002). For the number dft dalaxies, the CDM picture seems
to have a problem, although it should be tested with cosndbgimulations.

We succeed in reproducing the kinematical and chemicalgptieg of the Milky Way Galaxy,
with adopting Salpeter IMF for all component. Pair-insliépisupernovae, which produce much
more Fe, more [S/Fe], and less [Zn/Fe], seem not to congritiet chemical evolution of Milky way
Galaxy. From statistical comparison for the frequencyritlistion in the [X/Fe]-[Fe/H] diagrams,
chemodynamical models should be tested and improved. rBiffeomponents of the Milky Way
Galaxy have different stellar populations, namely, ddfdrelemental abundance patterns. Using
the future observations of abundance ratios, we can knowahd where the stars form. The
galactic archaeology can be a powerful subject with chemaxhycal simulations.

6. Cosmological Simulations

We simulate the evolution of dark matter, gas, and stellstiesgs and the chemical enrichment
from SNe I, SNe la, and HNe, from the cosmological initianddion with Hy = 70 km st
Mpct, Qn=0.3,Qr =07, Q, = 0.04,n= 1, andog = 0.9. The initial condition is calculated
in a 10~ Mpc cubic box with periodic boundary conditions witay = Ngas= 96° [1]. Figure 4
shows the time evolution of the densities of gas, stellaaWebluminosity and gas metallicity for
the high resolution simulation. Star formation takes placa distributed fashion at high redshifts,
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Figure5: (a) Cosmic star formation rates for no feedback case (déitteland for the SN (dashed line)
and HN (solid line) feedback with the metal-dependent capliSee K07 for the references of rest-frame
U-band, IR, and lg observations. Rest-frame UV observations are plotted et correction (Steidel et
al. 1999). (b) Redshift evolution of iron abundances of gétge points show individual galaxies with the
size representing the size of galaxies. The solid, dashedjatted lines are for the mean, the largest galaxy
in the simulated region, and the IGM, respectively. Seedaikefor the observational data (errorbars, box).

and becomes most active around 4. The distribution of stars appears smooth at high redshift
but concentrated at lower redshifts. Because of the feddmaassive galaxies are surrounded by
hot gas, and heavy elements are also distributed in theyaiteatic medium. Both in the gas phase
and stars, metallicity gradients are generated in highigeregions. At present;- 7000 galaxies
are identified with the friend-of-friends group-finding atdhm in this simulated field.

Figure 5a shows the cosmic star formation rates (SFRs) teadieectly measured from the
ages of stellar particles for the low resolution simulasioBupernova (SN) feedback (dashed line)
decreases the SFR fram- 3, but metal-dependent cooling increases as large as nbdeledase
(dotted line). If we include hypernova (HN) feedback (sdiigt), the SFR starts to be suppressed
from z~ 6 onwards, and is overall smaller by a factor of 3 at @< 3. The resulting SFR is in
broad agreement with the observations that show a peak BF/[Moyr1]) ~ —1L atz~ 3.

Without feedback, 25% of baryons turn into stars, which  lerge. With SN feedback,
the stellar fraction reduces to 1015%. The larger energy ejection by HNe results in the stellar
fraction less than 10%, which is consistent with the recdrgeovational estimate (Fukugita &
Peebles 2004). The present mean gas metallicity is [Fe/H].3 for SN feedback, and is reduced
to ~ —1.8 for HN feedback. The mean stellar metallicity is almosasébr the SN feedback, and
becomes sub-solar for the HN feedback.

The metal enrichment timescale depends on the environrir@nire 5b shows the evolution
of oxygen abundances in the gas phase in different envirotemén large galaxies, enrichment
takes place so quickly that [O/H] reaches—1 atz ~ 7, which is consistent with the sub-solar
metallicities of the Lyman break galaxies (large errorliaz & 3, Pettini et al. 2001). The low
metallicities of the damped Lymam systems (errorbars, Prochaska et al. 2003) are also camtsist
with our galaxies, provided these systems are dwarf galatie¢he outskirts of massive galaxies.
The low [C/H] of the intergalactic medium (IGM) (box, Schasteal. 2003) can be explained if the
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Figure6: (a) The wind fractionfy = Mw/(Mg+ M, + My) against the total mass. (b) Mean metallicities
of cold gas T < 10* K) within 10 kpc, plotted against the total stellar masg &t0,1,2, and 5. See the text
for the observational data (solid lines).

IGM is enriched only by SNe Il and HNe. The average metajlioit the universe reaches [O/H]
~ —2 and [Fe/H]~ —2.5 atz~ 4 , but reaches the same valueg at3 in the IGM.

When and where do stars form? To answer this question, w& bpethe cosmic SFR history
according to galaxy mass (see Figs. 13 and 14 in KO7). As dtréka majority of the stars
in present-day massive galaxies have formed in smalleessht high redshifts, and the stellar
population of these galaxies is as old as 10 Gyr, consistéhtoliservations of elliptical galaxies.
No relation is found between luminosity-weighted age amilast mass. The ages of low-mass
galaxies span a wide range of110 Gyr.

How are heavy elements ejected from galaxies to the IGM2dsithulation, we can trace the
orbit of gas particles over time. Exploiting this, we defireeveind particles those that are not in
galaxies now, but have been in galaxies before (see Fig. KBM. In this simulation~ 10% of
baryons turn into starsy 10% of the gas stays in galaxies 8% is hot), andv 20% is ejected as
galactic winds. The rest, half of the baryons, never acsretto galaxies.

When we follow the orbits of gas particles, we can also exarfriom which galaxies the wind
gas particles are ejected. This allows a measurement ofabieéd wind mass from each galaxy. In
Figure 6a, we plot the wind fraction, i.e. the ratio betwedwmantbtal wind mass to the total accreted
baryon mass, against the total mass. A clear relation isdfdaatween the wind fraction and the
total mass. Winds are efficiently ejected from small galsxigith ~ 80% of accreted baryons
being ejected fronMy; ~ 10'M, galaxies. A similar relation is also found for the ejectedtahe
fraction, i.e. the ratio between the wind metal mass to th& toetal mass. It is interesting that
the wind fraction and the ejected metal fraction correlagdl with the stellar metallicity. Based on
this finding, we conclude that the origin of the mass-meigjlirelation can be explained with the
galactic winds.

In galaxies, metallicity of the cold gas increases with galmass (Fig.6b), which is com-
parable to observations with a large scatter (solid line-at0, Tremonti et al. 2004z = 2, Erb
et al. 2006). The central cold gas shows a relation betweknxyganass and metallicity with
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Figure 7. The cosmic rates for SNe Il (long-dashed line), SNe la (siviel), and GRBs (short-dashed
line) per luminosity (SNu, upper panel) and volume (lowangl). The dotted line shows the observational
estimate of GRB rates (Yonetoku et al. 2004). The open thaagd small filled circle are for the observed
SN Il rates, and the other symbols are for the SN la rates. @der[the observational data sources.

shallower slope than observed in emission-line galaxies.tte stellar population, the observed
mass-metallicity relation is well reproduced (Kobayashi@moto 1999; Pahre et al. 1998; Gal-
lazzi et al. 2005), and originates in mass-dependent galainds. These relations are present
sincez ~ 5.

In our simulations, the effects of hypernovae are included, we can also predict the cosmic
gamma-ray burst (GRB) rate history, assuming that the mit@ys of GRB are massivex(40M.,))
hypernovae. Since the progenitors of GRBs are likely to Is¢ fatating, and thus metallicity
should be low to avoid mass loss. Figure 7, the hypernovdexitig is set to be 8 for Z < 0.001
and decreases ta@l for Z = Z.. The predicted GRB rate history is in good agreement with
the observational estimates by Yonetoku et al. (2004). Theemt hypernova rate is consistent
with the observational estimate by Podsiadlowski et al0g20 The SN Il rate simply traces the
SFR history, and peaks at- 3, while the SN la rate slightly increases toward 2, then rapidly
decreases, because of the both lifetime and metallicigctf
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