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Abstract

About half of the radiative energy from galaxies is emitted in the far-infrared (FIR) wave-
length. The FIR radiation originates from the reprocessing of stellar light by dust grains. In
order to reveal the time evolution of dust content in galaxies, we construct an evolution model
of dust-to-gas mass ratio by extending the chemical evolution model and by considering the
formation and destruction processes of dust. Based on this model, we succeed in explaining
the relation between dust-to-gas ratio and metallicity for galaxies with a wide metallicity
range, which confirms that our model describes the evolution of dust content of galaxies in
various evolutionary stages.

The evolution of interstellar medium (ISM) may be important in the time evolution of
dust-to-gas ratio. This is because the dust growth occurs only in the cold and dense phase of
the ISM. We discuss the time variation of dust-to-gas mass ratio using the three-phase model
of the ISM. The typical timescale of the phase change of an interstellar gas is ~ 1078 yr in
spiral galaxies. Since the phase transition changes the filling factor of the cold gas where the
dust growth occurs, the dust growth rate varies on that timescale. We examine the response
of the dust-to-gas ratio to the phase transition by adopting the Ikeuchi-Tomita model for
the mass exchange among the phases. According to the model, a limit-cycle evolution of
the mass exchange is obtained. In this limit-cycle case, the amplitude of the variation of
the dust-to-gas ratio is large (nearly an order of magnitude) if the dust growth timescale is
shorter than the phase transition timescale. Since this condition is easily satisfied in spiral
galaxies, the dynamical multi-phase evolution of ISM is important for the time evolution of
dust amount.

The dust amount is important for the intensity of its thermal radiation at FIR. Although
FIR emission from dust is frequently used as an indicator of star formation rate (SFR), the
effect of the dust-to-gas ratio (i.e., amount of the dust) on the conversion law from IR lu-
minosity to SFR has not so far been considered. Then, we present a convenient analytical
formula including this effect. Especially, we present the metallicity dependence of our con-
version law between SFR and FIR luminosity with the aid of our model. We find that the
effect of the chemical evolution on the conversion formula is significant: The conversion factor
from FIR luminosity to SFR changes by a factor of 4 in the course of chemical enrichment.
This is important in determining the cosmic SFR from the future FIR observations (e.g.,
ASTRO-F).

Finally, we consider the observational strategy with ASTRO-F, which will be launched
in 2004. This satellite enables us to test our galaxy evolution model in the FIR wavelength.
One of the main purposes of the ASTRO-F mission is an all-sky survey in the FIR with
a flux limit more than ten times deeper than that of IRAS. We investigated the expected
optical and near-infrared (NIR) number counts of galaxies detected by the FIR scanner (FIS)
of ASTRO-F and the possibility of their optical and NIR follow-up. The spectral energy
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distribution and the luminosity function of galaxies are modeled based on the properties of
galaxies observed by IRAS. The galaxies are divided into two populations according to their
infrared luminosities (Lir): normal spirals (Ljg < 101°Lg) and starbursts (Ljg > 10'°L,).
The expected number counts of galaxies expected to be detected by ASTRO-F for both of
the populations are calculated in B and H bands. As for the starburst population, we also
calculated the number of galaxies with a simple model of evolution. In the evolution model,
the numbers of low-z (z < 1), intermediate-z (1 < z < 3), and high-z (2 > 3) galaxies are 100,
20, and 0.2 per square degree, respectively. The future observational facilities, e.g., F-MOS
equipped with Subaru telescope can be a useful tool for the follow-up of galaxies up to z = 3.

keyword: galaxies: evolution — Infrared: continuum — Interstellar: dust, extinction — stars:
formation
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Chapter 1

Introduction

About 200 years ago, Sir William Herschel discovered infrared (IR) radiation in examining
the warming powers of the Sun’s rays dispersed by a prism. However, it is after the recent
improvement of observational capabilities that the IR observation of galaxies was advanced.
Here, we are interested in the electromagnetic radiation of galaxies in the wavelength range
from about 5 um to 1 mm. The IR radiation originates from interstellar dust heated mainly
by stellar radiation field. The space observation and the parallel development of ground-
based facilities for IR and sub-millimeter (sub-mm) astronomy represent major landmarks in
our ability to study the emission from dust. Such a study is important in tracing the stellar
radiation field. Some observational study indeed indicated that the IR luminosity of a galaxy
is a good indicator of its star formation activity.

The Infrared Astronomical Satellite (IRAS), launched in 1983, permitted the first far-IR
(FIR) survey unlimited to the Earth’s atmosphere. It discovered hundreds of galaxies emitting
well over 95% of their total luminosity in the IR. This indicates that the IR observation is
important in galactic astronomy. The Infrared Telescope in Space (IRTS) (Murakami et al.
1996) was the first Japanese satellite-borne IR telescope. The objective of this mission was to
measure absolute intensities of diffuse IR emissions in wavelengths from 1.4 ym to 700 ym.
The Infrared Space Observatory (ISO) is a recent observatory-type satellite launched by the
European Space Agency (ESA). It was launched in November 1995 and ceased operation in
April 1998 following exhaustion of its liquid helium supply.

Further progress in IR galactic astronomy is expected in the beginning of the twenty-first
century. ASTRO-F, a Japanese satellite which will be launched in 2004, will perform an
all-sky survey with a detection limit 10-100 times deeper than that of JRAS. The expected
number count by ASTRO-F is estimated in chapter 6. Other missions, such as SIRTF by
NASA, FIRST by ESA, and so on, will also contribute to revealing the IR universe.

In this chapter, we describe the introductory overview of the IR radiation from galaxies.

1.1 Overview of Dust Emission

The light radiated from stars in absorbed and scattered by interstellar dust grains. This
loss of light is observed as an interstellar extinction. The absorbed energy is returned to the
radiation field in the IR regime. The peak of the intensity of the IR radiation lies around
Apeak ~ 100 pm. With the aid of the Wien displacement law,

TApeak = 2898 K pm, (1.1)

3



4 CHAPTER 1. INTRODUCTION

where T is the temperature, we find that the dust is typically 30 K in the galactic environment.
The temperature is estimated later in §2.3.1 assuming the radiative equilibrium with the
stellar radiation field.

A typical spiral galaxy emits 30% of its energy in FIR region (Saunders et al. 1990).
The “ultra-luminous IR galaxies,” whose IR luminosity is larger than ~ 10’2 Mg, emits
most of its energy in FIR (Sanders & Mirabel 1996). Such large fractions of FIR light result
from the absorption and reprocess by dust within these galaxies. Active star formation
what is generally called “starburst” contributes to such a large energy release. Extensive
IR observations of galaxies are therefore necessary in order to obtain a full picture for their
energy output. The observed spectral energy distribution (SED) averaged for the sample of
spiral galaxies and starburst galaxies in Schmitt et al. (1997) is shown in Figure 1.1. Their
SEDs are normalized to the A7000 A flux.

In this section, we review the IR emission from dust in galaxies. We review the mid-IR
(MIR; 5 pum < A < 40 pm), FIR (40 pm < A 5 200 pm), and sub-mm (200 pm < A < 1 mm)
wavelengths. In the near-infrared wavelength (1 um < A5 pm), the stellar light dominates
over the dust emission. The sublimation temperature of dust (~ 1000 K) corresponds to
A~ 3 pm.

1.1.1 Far-Infrared and Sub-Millimeter

The first all-sky survey at FIR wavelengths carried out in 1983 by the JRAS resulted in the
detection of tens of thousands of galaxies. It is now clear that part of the reason for the
large number of detections is the fact that the majority of the most luminous galaxies in the
universe emit the bulk of their energy in the FIR (Sanders & Mirabel 1996).

For the convenience of modeling and understanding, two different environments are often
considered for the FIR—sub-mm emission from galaxies:

1. dust associated with star-forming regions,

2. dust heated by the general interstellar radiation field that is not associated with star-
forming regions (generally called the cirrus component).

The radiation from the former is modeled in chapter 5 and Inoue, Hirashita, & Kamaya
(2000). These environments have different importance in different types of galaxies at various
evolutionary stages. For galaxies forming stars actively, such as M82, NGC 6090, and Arp
220, the former is dominated over the latter. On the contrary, quiescent spiral galaxies have
the cirrus emission comparable to, or larger than, the star-forming component.

It is widely accepted that the FIR luminosity of galaxies is a useful indicator of star
formation rate (SFR). The SFR of a galaxy is defined as the mass turned into stars per unit
time. In fact, actively star-forming galaxies emit almost all of their radiative energy in FIR
(Soifer, Houck, & Neugebauer 1987). For such galaxies, we can assume that their observed
FIR luminosity is nearly equal to their bolometric luminosity. Even for spiral galaxies, the
amount of stellar light absorbed by dust and re-emitted in the FIR range is about the same
as the emerging stellar light (Xu & Buat 1995; Wang & Heckman 1996).

Sub-mm observations of galaxies are also important to trace an component of dust whose
temperature is less than about 20 K. An array of bolometers, the Submillimeter Common
User Bolometer Array (SCUBA) has been installed on the James Clerk Maxwell Telescope.
The advantage of this instrument is that arrays make it possible to map the sky much more

1.1. OVERVIEW OF DUST EMISSION
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6 CHAPTER 1. INTRODUCTION

quickly (before the install of SCUBA, continuum observation in sub-mm had relied on single
bolometers, which means that only a single point in the sky is observed at one time), and that
the individual bolometers in SCUBA are ten times more sensitive than previous bolometers.
Sub-mm observations are also important when we observe the high-redshift (distant) objects.

This is because the rest-frame FIR wavelength for the objects is redshifted to the sub-mm
(§1.2.2).

1.1.2 Mid-Infrared

Unlike FIR continuum, MIR continuum originates from the dust out of thermal equilibrium
(i.e., transiently heated). Most of the recent dust models (e.g., Désert, Boulanger, & Puget
1990) accept stochastically heated very small grains with radii less than 100 A. Such small
grains are transiently heated and are not become thermal equilibrium because of their small
heat capacity. The ISO satellite made it possible to resolve spiral galaxies with a resolution of
about 10”. The MIR radiation is known to be associated with molecular gas and Ha emission
(Malhotra et al. 1996; Sauvage et al. 1996). This may be because the grains emitting MIR
radiation convert heating photons from star-forming regions.

The MIR spectra show several broad bands at 3.3, 6.2, 7.7, 8.6, and 11.3 pm, whose origin
is interpreted as the C—C and C-H stretching and bending vibrations in polycyclic aromatic
hydrocarbons (PAHs; Léger & Puget 1984; Allamandola et al. 1989). Other possible carri-
ers are hydrogenated amorphous carbons (Borghesi, Bussoletti, & Colangeli 1987), quenched
carbonaceous compounds (Sakata et al. 1987), and coal grains (Papoular et al. 1989). Obser-
vations of known starbursts in the MIR revealed that the MIR bands are rarely suppressed
(Mouri et al. 1998). Thus, the bands are “common” nature for MIR SEDs of galaxies. The
bands are also observed from the Galactic interstellar medium (ISM; e.g., Onaka et al. 1996).

1.1.3 Active Galactic Nuclei

The main mechanisms responsible for FIR emission from active galactic nuclei (AGNs) are
nonthermal emission from a nucleus and thermal emission from dust. The relative importance
of these processes appears to vary from AGN to AGN. Moreover, the ultraviolet (UV) radi-
ation from nuclear starburst could be a heating source of the dust. On the other hand, it is

argued that the nonthermal radiation is not sufficient to explain the FIR via dust reradiation
(Carleton et al. 1987).

The IRAS survey detected many quasars (Neugebauer et al. 1986). The IR bump is
characteristic of the SED of quasars (Sanders et al. 1989). This bump is ubiquitous in both
radio-quiet and radio-loud quasars, but the origin may be different between the two. The
radiation may originate from nonthermal process in the central engine or may result from

thermal radiation from dust. The SEDs of high-redshift quasars are recently compiled by
Oyabu et al. (2001).

In this thesis, we do not treat AGN to concentrate on the star formation history of
galaxies. The number of AGNs in the local universe is known to be much smaller than that
of star-forming galaxies. However, the number of AGNs at a high-redshift universe is poorly
constrained and may be an important issue to interpret the infrared light from the universe.

1.2. DUST AND GALAXY EVOLUTION

1.2 Dust and Galaxy Evolution

1.2.1 Various Types of Galaxies

Luminous Infrared Galaxies

Luminous infrared galaxies (LIRGs) are often defined as the galaxies 1vlvhose glfiar(.ed 1::(1)1;
osity defined in the wavelength range of 8-1000 pm is greater than 19 L@.. a a;ues mmore
? iI}lIOUS in the IR range than 1012 L are referred to as ultraluminous 1nfrared ga. e
(‘{IHIIJIRGS) LIRGs contain large quantities of molecular 1ga.s,laﬁs trac:d b)(fi (l})(; ISISCaIQ :::i :S ion.
: dense molecular gas trace ,

_ This as well as the observed abundant mis
giglyrrfound only in star-forming cores (Solomon, Downes, & Radford 1992), may indicate

tive on-going star formation from the gas. Dust reprocessing of the radiation ‘f‘rom l;surcS}::
::1 l;ctivit}% is widely considered to be the energy source of the- LIRGS. The term “starbu
i i ith i tar formation activities.
jes” is used for galaxies with intense S - ' .
gaLla";‘ﬂhe optical follow-up study of LIRGs showed that a large fraction of ?hen.x has 1nter::sct;rlea
features (Sanders & Mirabel 1996 and references therein). - Thfa fraction mcreasfes a8 the
I(;{ luminosity increases. This is interpreted as an interaction induces the star Ior

activities. We note that the AGN fraction also increases with IR luminosity (Veilleux et al.
1995).

Spiral Galaxies

i i iati s the FIR. However, as shown in
i :ral galaxy emits 30% of its radiative energy in ‘ .
é tyﬁlcal'.[‘iﬁﬁta g& Sgitc‘) (1996), the FIR luminosity presents a lal.rge vanety among sglral
OII:;izs’ This v;,riety can be interpreted as a scatter of star formation &?:lVltleS., gou%wzi
Y : i igni i fraction in the FIR emission from spiral ga
keep in mind the significant cirrus irac :
?g;n;ki) eeflk) 1;;lossible model for this variety is presented in chapter 4 (see also Kamaya &
hi 1997). ‘ i .
Tak;lcfu:: Hirz)ashita & Kamaya (2000b) treated some early-type Asal))luiail{ (Sab S:ggp%;o;igxtxﬁz
’ mi i in their own centr pc by
i . dent star-forming regions that concentrate in : ; :
. ‘13: 1:: I;Jsii Saitd Xf Tomita (1998). There are some early-type spiral galaxies s(};'owutl;g
Silr'r:iznt sta.r-fo;'ming ’activity (e.g., Keel 1983; Hameed & Devereu§11999). A;c:fr( 2135%)
inoue et al. (2000a), the SFR of this central region (i; F?ll;;n%t 2t 111\-4@ yrtn;1 I;logcestm: oo
st ’ i fliciency in this cen -
moreover estimated the star formation efhciel ) : L e e, Fore
i ing i the condition required for this region to be gray
T b SFE el i in a star-forming region to the gas
ine the ratio of the stellar mass n a :
wo define the S o o Th SFE relates more directly than the SFR. to the mechamsgx;\ I(;f
turning the interstellar medium (ISM) into stars. Using two indicators of thc'a ;?resent.valent,
III1 %l infrared luminosities, they estimated the SFE to a few percent. This is equi e
atl?n observational SFE in late-type disks. This coincidence may support the u(;ngize;? ny
:; th: mean SFE of spiral galaxies as suggested by Young et al. (1996) and Rown oung
9 ) . . -
(199R¢)acent ISO observation have resolved spiral galaxies in ;hegtl\;llm ;eglg;lt (;%:e liz:i\;agiz
i in the wavelength. i
. Well-defined spiral arms are seen 1n t e W on
(li)t '?};tiz:sﬁz)etween MIR and Ha is seen in M51. This indicates that a igzrllngI‘VII;R Faﬁ;::;o;
i i i i i tivity. The pic
igi the region with an intense star formation activit; .
:lz;gl;:fof?:lrgrmal giaxies also correlate very well with their images in Ha (e.g., Devereux

mass of a parent cloud. This



8 CHAPTER 1. INTRODUCTION

1996).

Dwarf Galaxies

.In the last two decades, increasing attention has been paid to the study of dwarf galaxies
in orde.r to understand their crucial role in galaxy formation and evolution. In hierarchical
clustering theories (e.g., White & Frenk 1991) these systems can constitute the building blocks
from which larger systems have been created by merging. A population of newly star-formin
dwarfs at z < 1 has been also invoked in some evolutionary models to reproduce the excesi
of faint blue galaxies observed in deep photometric surveys.

The detection of the FIR flux from dwarf galaxies is limited in the nearby sample, since
the dust content is much smaller than spiral galaxies. However, large FIR sample of’dwarf
galaxies wi}l be available at the beginning of the 21st century owing to some FIR observations
as summarized in Takeuchi et al. (1999). Kamaya & Hirashita (2001) estimated the flux from
I Zw 18 (a dwarf irregular galaxy at the distance of 10 Mpc) as ~ 10 mJy (This means that
the galaxy has IR luminosity of 10-107 Lg). This flux level is detectable with ASTRO-F.

The dust-to-gas ratio determined from the IR luminosity and H 1 observation for the IRAS
sample of dwarf galaxies are explained through a chemical evolution model by Lisenfeld &
Ferrara (1998). They noted that the mass loss from the dwarf galaxies is important to
reproduce the scatter of the dust-to-gas ratio. Recently, however, Tajiri & Kamaya (2001)
noted that the H 1 envelope around a star-forming region effectively works as a reservoir of
momen?um. This mechanism may keep gas from escaping out of a dwarf system. After their
suggfastxon, Hirashita, Tajiri, & Kamaya (2001, in preparation) showed that significant mass
loss is not necessary to explain the scatter of the dust-to-gas ratio of the dwarf sample if the
?ate of dust destruction changes significantly as a function of time. Since the destruction
is caused by supernova (SN) shocks, a temporal variation of SN rate is necessary for the
time Yariation of dust destruction rate. This temporal change is naturally introduced if dIrrs
experience intermittent star formation histories.

Elliptical Galaxies

Ell%pt?cal galaxies are not gas-rich and show little evidence of present star formation activities
This is considered to result from the gas loss due to successive energy input from SNe-
However, roughly 40% of a sample of bright elliptical galaxies were detected by JRAS (Kna,pl;
fat al. 1989) but mostly at low value of the IR-to-optical luminosity ratio. The cold gas content
inferred from the IRAS flux level is 107-10% M, (Jura et al. 1987). This is much smaller than
the mass of cold gas in spiral galaxies. It is also known that about 40% of bright ellipticals
have dust lanes. The origin of dust in elliptical galaxies has not yet been made clear. For
example, external origin of dust is discussed. (e.g., Binney & Merrifield 1998, §8.2.2). .

1.2.2 Observational View of Galaxy Evolution

Galaxy Number Counts

Ga.Llaxy' num.ber count provides a useful tool to investigate the galaxy evolution to high red-
shift, since it can be made from observational quantities (i.e., galary number as a function
of observed fluz). The galaxy evolution is constrained by predicting the count from models.

1.2. DUST AND GALAXY EVOLUTION 9

Recent modeling by semi-analytic method (e.g., Guiderdoni et al. 1998) as well as by empiri-
cal method (e.g., Takeuchi et al. 2001b) can be compared with the number count by the I1SO
satellite now. Takeuchi et al. (2001b) modeled the number count in the mid-far-IR wave-
lengths and compared their prediction with the ISO number count and the FIR background
spectrum. They determined a probable history of the comoving IR luminosity density, sug-
gesting that the IR luminosity density increases rapidly from z =0 to z = 1 by an order of
magnitude. They also showed that the IR density should be < 10 times between 1 Sz85
as large as that at z = 0 to be consistent with the sub-mm background intensity.

ASTRO-F will be a powerful tool to reveal the galaxy evolution in the IR wavelength.
Hirashita et al. (1999) calculated the optical number count of galaxies detected by ASTRO-
F and considered the strategy for the optical follow-up observation (see chapter 6 for the
detailed description for the model and the result).

At a high redshift, the rest-frame FIR light of galaxies is observed at longer wave-
length, especially the sub-mm band. Indeed, SCUBA has recently been used to detect
distant dusty galaxies (§1.1.1; Smail, Ivison, & Blain 1997). By using the magnification
owing to the gravitational lens, the deeper survey is made possible (Blain 1998; Smail et
al. 1998). Further progress is expected by the Atacama Submillimeter Telescope Experiment
(ASTE) and the Atacama Large Millimeter Array/Large Millimeter and Submillimeter Array
(ALMA/LMSA). The observational strategy is described in Takeuchi et al. (2001a).

Cosmic FIR Background

The contribution of young galaxies to the visible and IR background radiation was investi-
gated by Partridge & Peebles (1967; see also Stecker, Puget, & Fazio 1977). Puget et al.
(1996) searched for an extragalactic FIR background in the whole sky data of the Cosmic
Background Explorer (COBE) satellite by removing the interplanetary and interstellar dust
components (see also Fixsen et al. 1998; Hauser et al. 1998). The data put a strong constraint
on IR luminosity of galaxies at various redshifts. A strong evolution of IR light between z = 0
and z = 1 is indicated, and the strong constraint is put on the luminosity (or number) of
high-redshift galaxies from the sub-mm part of the background (Gispert, Lagache, & Puget
2000; Takeuchi et al. 2001b). In Figure 1.2, we show the cosmic background radiation in the

UV-sub-mm range.

Cosmic Star Formation History

The emission history of the universe at UV, optical and near-IR wavelengths provides us a
clue to the star formation history of galaxies as a whole (Madau et al. 1996). Usually the star
formation history of the universe is indicated with the star formation rate (SFR) per comoving
volume as a function of the redshift z. The determination of the cosmic star formation history
is made possible after recent deep observations, especially the Hubble Deep Field. Estimate
of SFR at high redshift became possible owing to the Lyman break technique, which is
developed to select galaxies at z ~ 3 (Steidel et al. 1996), and the photometric redshift
technique, which provided us with a way of determining the redshifts of a large sample of
galaxies (e.g., Connolly et al. 1997).

According to Madau et al. (1996), the comoving SFR density has a peak around z ~ 1.5
(see also Madau, Pozzetti, & Dickinson 1998), and it decreases monotonically beyond z ~ 1.5.
However, Steidel et al. (1999) suggested that the comoving SFR density is almost constant

at z 2 2.
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Figure 1.2: Cosmic background from the UV-sub-millimeter wavelength. I, is the intensity
for the background light per unit solid angle. For the reference of each point, see Gispert et
al. (2000). The data are compiled by T. T. Takeuchi.

The biggest uncertainty is, however, represented by the amount of starlight that was
absorbed by dust and reradiated in the MIR-FIR wavelengths. The role of extinction in
high redshift galaxies has yet to be comprehensively analyzed. A model of the history of
the emission of galaxies in a wide wavelength range (UV-FIR) is constructed by Pei, Fall, &
Hauser (1999). Tan, Silk, & Balland (1999) discussed the history of the IR universe. Both
of them concluded the peak of the comoving IR density at z ~ 1-3. Takeuchi et al. (2001b)
empirically derived the comoving IR density based on the number count by ISO and the
cosmic IR background. They concluded that the peak exists at z < 1. We should wait for
further observational results with future facilities to solve the history of the emissivity in the
universe.
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Figure 1.3: Cosmic star formation history determined by from gbserved IR nurflber cou?tg
by Takeuchi et al. (2001b). The comoving density of star forrr}a.tlon rate (psFr) is pr%endel
as a function of the redshift z. The solid line represents the minimum of all the three models
investigated by them, while the dotted line indicates the maximum.



Chapter 2

Basic Formulation of Radiation
from Dust

2.1 Radiative Transfer

Radiation reaching us provides most of our direct knowledge about the dust, whose IR emis-
sion is the main topics of this thesis. The radiative transfer equation is a useful tool to analyze
the radiation. Hence, first of all, the basic concepts of radiative transfer are reviewed.

The photons traveling by a point r at a time ¢ is considered. Each of them will have a
different direction, denoted by the unit vector k, and a different frequency v. To characterize
the radiation field we must specify the energy passing by as a function of all four of these
physical variables. We define the specific intensity I, (k, 7, t) so that I, dvdwdAdt is the
energy of those photons which during a time interval dt pass through the area dA, whose
frequency lies within the element dv about v, and whose direction is within the solid angle
dw about k; dA is located at the position 7 and is perpendicular to the photon direction k.
The geometry considered is illustrated in Figure 2.1.

Normal

Figure 2.1: Geometry for a ray considered in the text.
The specific energy density u, is defined as the energy per unit volume per unit frequency

13
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range. To determine this it is convenient to consider first i
the energy density per unit soli
angle u,(2) = I, /c. Integrating over all solid angles we have P "olid

1
Uy, = = -
) /u,,(Q) 0 C/L,dﬂ, 2.1)
or
4ir
Uy = ?Ju ’ (22)
where we have defined the mean intensity J,:
1
Jy = E,/I" da. (2.3)
The flux F, is defined as
F, = _/I,, cos#dQ, (2.4)

where § is the angle between the line normal to the surface element dA and the ra

The change of I, resulting from interaction with matter is governed by the e {J.atio f
transfer. This equation is derived by considering the flow of energy in and out tge endn Of
cylinder of length ds, with the use of the absorption and emission coefficients x, and ’;}?
storbed int_ensity in the cylinder is assumed to be kI, ds, while the emittel:i inteius'ity i:
df;ﬁi Z.Z :_7,, ds. As a result, we obtain the following equation for the change of I, along a

a,_
ds = lvtiv. 2.5)

We define the optical depth 7, backward along the ray path by the expression
dr, = —k,ds. (2.6)

At the observer 7, = 0. If we consider the radiation i i

. : I received from a region or cloud of total
optical thickness 720, equation (2.5) may be integrated to yield °
0 .

Ty

I, =1 Oe""g+/ v -
v V( ) b Ky € d‘T,, s (27)
where 1,,(0) denotes th : e .
where T:(=)7—,9.no es the value of I, on the far side of the emitting region from the observer,
Under the thermodynamic equilibrium, it is requi
) quired that I, = B .
the Planck function at the temperature of 7" Y v(T), where B, (T) is

_ 2h13 1

B,(T) = & kT T (2.8)

The Planck function is also expressed if we adopt the wavelength ) as the measure of intensity:
2hc? 1

B\(T) = A5 ehc/AkgT 7 (2.9)

Since dI, /ds must vanish if I, is constant, we see from equation (2.5) that

Jv = K‘VBU(T) (2.10)

in the thermal equilibrium. This relation is known as Kirchhoff’s law.
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2.2 Interstellar Extinction

In the wavelengths around the optical band, the transmitted beam of electromagnetic radi-
ation is reduced in intensity by two physical processes, absorption and scattering of grains.
This reduction of energy is called interstellar extinction. In this section, we begin by outlining

the theoretical basis for models of extinction.

2.2.1 Extinction by Spherical Grains

Here, spherical grains is assumed in considering the extinction properties of the dust. Suppose
that spherical dust grains of radius a are distributed uniformly with number density nq per
unit volume along the line of sight to a star. We define Cexy,, as the extinction cross section

(i.e., the absorption coefficient per grain):

Ky = ndCext,V- (211)

We omit the subscript v (or \) hereafter in this section, but we should note the v dependence
of k and Cey. Considering an element of column with length ds, the fractional reduction in

intensity of starlight at a given wavelength is
dr
I
where emission can be neglected around the visible wavelengths. The emission around FIR
is considered in §2.3. The optical depth 7 is expressed as d7 = —ngCext ds (with kK = ngqCext
and eq. [2.6) combined). From equation (2.12), we obtain

= —ngCext ds, (212)

I = Iyexp(—71), (2.13)

where I is the value of I at s = 0. Expressing the intensity reduction in magnitudes, the
total extinction at some wavelength A is given by

Ay = —2.5log (1£> = 1.086 NgClxt , (2.14)
0

where the column density Ny is defined as the density integrated over the whole line of sight.
Ny = /ndds. (2.15)

If we define Qext as the ratio of extinction cross section to geometric cross section, i.e.,

_ Cext
Qext = ﬂ:;xg ) (2.16)
we obtain
Ay = 1.086 Ngma?Qexs - (2.17)

If we have a size distribution, then equation (2.17) is replaced by

Ay = 1.0867 / a?Qext(a) N(a) da, (2.18)
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where N(a)da is the number of grains per column in the line of si i ii i
oo (@) da ks ine of sight with radii in the range

The extinction efficiency is the sum of corresponding factors for absorption and scattering
?

Qext = Qabs + Qsca - (2.19)
These efficiencies are functions of two quantities, a dimensionless size parameter
h
_ 2ma

and the complex refractive index of the grain material,
m=n—ik. (2.21)

The problem is that of solving Maxwell’s equations with appropriate boundary conditions at
the grain surface. A solution was first formulated by Mie (1908) and independently by Deb
(1909), resulting in what is now known as the Mie theory. Yy
T_he asymptotic behavior of the extinction efficiency is as follows. At very large z (a > \)
Qext is constant. When z < 1 (a < X) is satisfied (in FIR, this condition is satisfied), useful’

approximations may be used to give simple expressions for the effici
Huffman 1983, Chap. 5): efficiency factors (Bohren &

8 4 m2 -1 2

Qsca — §.’B m2 + 2 9 (2.22)
m2—1

Qabs =~ 4z Im {m2 n 2} . (2.23)

Thfa qu.antity ('r'n2 —1)/(m?+2) is often only weakly dependent on wavelength. In this case
ext?nct?on dom%nated by absorption in the small particle limit gives a A\~! dependence whilst’
extinction dominated by scattering gives a A~ dependence (Rayleigh scattering). ’

2.2.2 The Mean Extinction Curve of the Galaxy

Trumpler (1930a, b) considered the colors of stars in the presence of interstellar extinction
produced by submicron-sized particles, concluding the reddening effect to be expected, exactl
analogous to the reddening of the sun at sunset by particles in the terrestrial atmospﬂeres Ir};
order tq study in detail the observed properties of reddening, it is essential to use back 01'md
stars with known spectral characteristics as probes. The degree of reddening or “sjeractive
extinction” of a star in the Johnson BV system is quantified as the color excess

Epv=(B-V)—(B-V),, (2.24)

wher.e (B~V) and (B - V) are observed and “intrinsic” values of the color index. The
relation between total extinction at a given wavelength and a corresponding color ;axcess
depends on the wavelength dependence of extinction, or extinction curve. The extinction j

the visual passband may be related to Ep_y by "

Av =RyEp_vy, (2.25)
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where Ry is the ratio of total to selective extinction. Theoretically, Ry is expected to depend
on the composition and size distribution of the grains.

Reliable data on the wavelength dependence of extinction are available in the spectral
region from 0.1 to 5 pm. Studies of large samples of stars have shown that the extinction
curve takes the same general form in many lines of sight. The best available data plotted in
Figure 2.2 are taken from Table 3.1 of Whittet (1992), who compiled the data by Whittet
(1988) and Savage & Mathis (1979). One of the most prominent feature in the extinction

curve is the bump at 2175 A.

T
*

10}

*
N PP B

E(A=V)/E(B—V)
J:.Y

0 2 4 6 8 10
1/A (um™)

Figure 2.2: The average interstellar extinction curve (Ex—y/Ep_y versus A~!). The data
are taken from Table 3.1 of Whittet (1992).

The values of extinction presented in Figure 2.2 make use of standard normalizations with
E(B - V) and the expression for the normalized extinction is modified as

Exv _p { Ax _ 1} . (2.26)

Ep_v Ay
Since the extinction asymptotically reach zero as the wavelength becomes large, Ry is related
formally to the normalized relative extinction by the limit
E)-v

, 2.27
EB—V] A—00 ( )

Ry = — [
and may thus be deduced by extrapolation of the observed extinction curve to A™! — 0. A
non-linear least-square fit from 0.7 to 5 pm yields

Ex-v =1.19)\"184 _305 (228)
B-V
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(Martin & Whittet 1990). This relation indicates that Ry = 3.05.

2.2.3 Models for Interstellar Extinction

The nature of the grains responsible for the observed extinction curve must be investigated
from a model calculation carried out for candidate materials with laboratory-measured optical
properties and an assumed size distribution. Observations in the ultraviolet (UV) led to
the development of multicomponent grain models: (i) “large” grains (a & 0.02 pum) that
contribute to the visible-infrared extinction; (ii) “small” grains that absorb at 2175 A; and
(iii) an additional population of small grains which account for the far-UV extinction , The
two kinds of small grains responsible for (ii) and (iii) may respond differently to environn.lental
influences.

A two-component model, based on uncoated refractory particles following a power-law
size distribution

N(a) xa™35, (2.29)

was formulated by Mathis, Rumpl, & Nordsieck (1977, hereafter MRN). MRN estimated the
upper and lower cutoffs to the size distribution to be amin =~ 0.005 pm, and ampay ~ 0.25 pm
In the MRN model, graphite contributes significantly to the extinction at all wave.lengths;
and requires ~ 70% depletion of carbon into this form of dust. Especially, the extinction
fez.iture seen at A = 2175 A may be due to the graphite with a < 300 A. Draine & Lee (1984)
reinvestigated the extinction due to the MRN mixture using their results for the silicate and
graphite dielectric functions. For the result of theoretical fittings for the observed extinction
curve, see Figure 3.11 of Whittet (1992).

2.2.4 Dust Density and Dust-to-Gas Ratio

The integral of Qext over all A can be obtained from the Kramers-Kronig relationship (Purcell
1969; Spitzer 1978). We start with a complex electric susceptibility as a function of angular
frequency of the electromagnetic wave, w:

x(w) = x'(w) — ix"(w), (2.30)
where x’ and X" are real. From the Kramers-Kronig relation, we obtain for the static electric

susceptibility

2 oo M w
X(0)=2 fo X g, (2.31)

w

We apply this relation to the ISM. If a spherical grain whose radius is a is assumed, the real
and complex parts of the susceptibility is expressed as 7

! — 36g - 1
x'(0) = Na 12 (2.32)

A
X'(@) = No—Cex, (2.33)

respectively (l:“‘urcell 1969), where ¢, is the static dielectric constant of grain and N is the
number of grain per unit volume. Combining equations (2.16), (2.31), (2.32), and (2.33), we

™
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obtain

0 9 [eg—1
/0 Qextd) = 47 a{€§+ } (2.34)

If equation (2.17) is used to eliminate Qext, and if we let psdmaNg/3 = pgL, where ps is the
density of solid material within the grain, and pq is the mean density of dust along the line

of sight, of length L, equation (2.34) becomes

pa = 1.01 x 107" ps {eg — 1} A —————L(kpc) . (2.35)

From a knowledge of the observed mean extinction curve, pq may be expressed approximately
as

Ay \ € +2
(pa) = 1.2 x 107"p, <—> £ (2.36)
L [e—1

where L is again in kpc and () denotes an average over stars at all the same distance. From
observations of reddened stars, (Ay/L) ~ 1.8 mag kpc~! in the diffuse interstellar medium

(ISM) (Whittet 1992, §1.1.2), and if we assume that m = 1.50 — 0i and ps = 2.5 g cm™3,
appropriate to low-density silicates, then

pa=~18x10"% gem™2. (2.37)

The dust-to-gas ratio, D, is defined as

p=L4 (2.38)

b
Pgas

where pgas is the gas mass density. According to equation (7.19) in Spitzer (1978), pgas =
2.8 x 10724 g cm™3, where we have assumed a H-He ratio of 10 by number. Thus, we finally

obtain the dust-to-gas ratio in the solar neighborhood as

D~6x1073 (2.39)

9.3 Far-Infrared Emission of Dust

Infrared diffuse emission from interstellar dust was predicted by van de Hulst (1946) as a
consequence of the balance of energy absorbed by the dust grains over the entire electromag-
netic spectrum. In a typical interstellar environment, a dust particle gains energy mainly
by absorption of UV photons from the ambient interstellar radiation field. A steady state is
established: the grain emits a power equal to that absorbed, at some temperature Tg; van
de Hulst showed that for classical dielectric spheres of radii @ ~ 0.1 um, Tg ~ 10-20 K is
expected, and emission should thus occur in the far infrared (FIR), a prediction confirmed
some 25 years later (Pipher 1973).

Since an interstellar cloud is, in general, optically thin at FIR wavelengths, observed flux
densities sample emission at all depths in the cloud with equal efficiency. Observations of the
diffuse emission thus provide valuable information on the spatial distribution of dust in the

ISM as well as on grain properties (Hildebrand 1983).
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2.3.1 Equilibrium Dust Temperatures

Interstellar grains exchange energy with their environment as a result of absorption and
emission of radiation, collisions, and surface reactions of surface reactions. The equilibrium
temperature is determined primarily by radiative processes except in clouds of the highest
opacity (Spitzer 1978, pp. 191-193).

Now we consider a spherical dust grain of radius a ~ 0.1 um. The power absorbed from
the interstellar radiation field (ISRF) is

Wabs = c(ma?) / " Qubs(v) 1 dv, (2.40)
0

where u,, is the energy density of the ISRF with respect to frequency. The power radiated
by the grain is

Woaa = 4r(na?) | " Qem(v) Bu(Ta) dv, (2.41)

where Qem is the efficiency factor for emission from the grain. It follows from Kirchhoff’s law
that

Qabs(V) = Qem (V) = Q. (2.42)

Now we consider a spherical large dust grain (a ~ 0.1 pm). Because a ~ X for the UV
range, where the absorption is the most efficient, @, is not strongly dependent on v. Thus,

Wabs =~ 7ra2<Qu)UV47rJa (2.43)

where (Q,)uv is the average dust absorption efficiency at UV-optical wavelength and
{o o] o0
dnJ = / 4nJ,dv = / cu,dv . (2.44)
0 0

At FIR, a < A. Thus, we use the small-particle approximation to specify Q.. In general,
Q, follows a power law in the FIR as Q, o< v#. Thus we obtain

o0 B8
Wiaa = 41(1a2)(Qu)p1m /0 (—0) B,(Ta)dv, (2.45)

where (@ )FIr is the average absorption efficiency in FIR wavelengths at frequency vg. The-
oretically, we expect § = 2 for metals and crystalline dielectric substances, and § = 1 for
amorphous, layer-lattice materials (Tielens & Allamandola 1987).

For the equilibrium state, Wyps = Wiag, we obtain

(@Qx)uv /°° ( v )ﬁ
drJ = 4w —— — ) B,(Ty)dv. 2.46
(@NFIR Jo  \ W0 (Ta) (2.46)
If we set {Qx)uv/{Qx)FIR = 700 at 19 = 3 x 10'2 Hz (A = 100 pm) (Shibai, Okumura, &
Onaka 1999) and S = 2, the integrated flux density of the ambient radiation field is obtained
in units of Habing value (1.6 x 1073 erg s™! ¢cm™2; Habing 1968) as
_ 4nJ _ —7
G = X0 erg st a2 = 184 % 10 TS . (2.47)
Since radiation field in typical Galactic plane indicates G ~ 1, we find Tg ~ 18 K. Higher
temperature is observationally indicated for dust in or near H 11 regions (Glass 1999, p. 126).

1
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2.3.2 FIR Continuum Emission
dust grains of uniform size, composition and tem-

erature. We assume that the grains are spheres of radius a ~ 0.1 pm, a.nd thfut each gra%n
?s in thermal equilibrium with the ambient radiation field. If the cloud is optically thin in
the FIR, which is often the case, the flux density received by an observer is

F =N {’;—“;} QuB(Ta), (2.48)

Consider a cloud containing N spherical

where d is the distance to the cloud. The volume of dust in a cloud is given by

V= é7ra3N . (2.49)
3

Using equation (2.48) to eliminate N, equation (2.49) becomes

_ _4eFd’ (2.50)
- 3QUBV(Td)

If the grains are composed of material of density ps, the total dust mass My is expressed as

4psF, d? {i} (2.51)
Md = Vps = 3Bu(Td) Qu °

In the small-particle approximation, the quantity a /Qy is ifldependept of (ciz and depenfdz /ogly
on the refractive index at wavelength A. Adopting a suitably welght(? avelragz <f)r o/ 1;;
equation (2.51) may thus be used to estimate the total n-lass'of d'ust. in a cloud fro
observed flux density without detailed knowledge of the grain size distribution.



Part 11

Evolution of Dust Content in
Galaxies
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Chapter 3

Dust-to-Gas Ratio and Metallicity

3.1 Overview of the Dust Formation and Destruction

Interstellar dust is composed of heavy elements made in and ejected from stars. An important
source for the dust is stellar mass loss. For example, dust was clearly detected in the SN 1987A
event (Moseley et al. 1989; Lucy et al. 1991). Dwek & Scalo (1980) presented that supernovae
(SNe) are dominant sources for the formation of dust grains based on their chemical evolution
model (but see Gehrz 1989). The formation of dust in SN 1987A was treated in e.g., Kozasa,
Hasegawa, & Nomoto (1989) by using a nucleation theory. Todini & Ferrara (2001) calculated
the mass of dust formed in SNe for various progenitor mass. The wind from stars also
plays an important role in dust supply in the interstellar spaces (e.g., Whittet 1992, §7.1.3).
Observations of infrared (IR) emission in stellar winds support the existence of dust grains
(Whittet 1992 and references therein). The wind from cool stars can indeed be as cool as
grain condensation temperature (1000-2000 K). Gilman (1969) proposed a grain composition
in such a wind.

The dust growth in molecular clouds also contributes to the increase of dust mass. It
is known that only the stellar source cannot account for the Galactic dust content (e.g.,
Gehrz 1989), since the supply timescale of the dust by stellar sources is ~ 1 Gyr while the
destruction timescale is a few x 10® yr. It is naturally explained by considering the dust growth
in molecular clouds. Such a growth is supported by elemental depletions (Savage & Sembach
1996) and large grain sizes (Cohen 1977) in dense clouds. The chemical evolution model by
Dwek (1998) was successful in explaining the dust content in the Galaxy by considering the
dust growth in molecular clouds. This growth seems to be efficient in other spiral galaxies
(Hirashita 1999a, hereafter H99).

Destruction processes of dust grains are also efficient in the formation timescale above
(a few x 10® yr). Interstellar shocks are known to destroy grains efficiently from observations
(Routly & Spitzer 1952) and from theory (Cowie 1978). It is generally accepted that destruc-
tion is mainly due to the SN-generated shocks that propagate in the low-density interstellar
medium (Barlow 1978; Draine & Salpeter 1979; Dwek & Scalo 1980; McKee et al. 1987;
Jones et al. 1994; Borkowski & Dwek 1995; Jones, Tielens, & Hollenbach 1996). Crinklaw,
Federman, & Joseph (1994) showed increasing gas phase abundance of heavy elements with
decreasing density along the line of sight. This is naturally explained by considering that low
density gas has high probability of having been exposed to SN shocks. The inclusion into
newly formed stars in star-forming regions also contributes to the destruction process, but
this contribution is less than that by SN shocks (Gehrz 1989).
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Recently, galaxy-evolution models including the evolution of dust content have been d
velope.d (Wang 1991; Lisenfeld & Ferrara, 1998, hereafter LF98; Dwek 1998 hereafte(:erll)ggj
Takagi, Arimoto, & Vanseviéius 1999) by extending the chemical evolution m>odel (e rT' ’
ley 19?30). The formation and destruction processes described above can be includfi"' ltn}f_
mf)delmg. An extensive study was conducted by Dwek (1998), whose framework can I;n y
plied to -the dust abundance of any galactic System. Lisenfeld & Ferrara, ( 1998) focusefiap.
the relation between the dust-to-gas ratio and the metallicity of dwarf irregul s and
blue compact dwarf galaxies. guier gelades and

. H99 als.o modeled the evolution of dust-to-gas ratio as a function of metallicity. Though
his mo.del is based on one-zone! treatment of galaxies, it includes and parameteri)zr.es al?lﬁ
formation and destruction processes above. &The importance of outflow from dwarf gzadaxie;3

is stressed in In this chapte i i
s stressed In In pter, we discuss the framework by H99. The following merits of H99

1. ’I“he re.lation between the dust-to-gas ratio and the metallicity is derived. The rel
tion will b(—.z very useful in estimating the dust content in galaxies whose n;etallic'ze p
known. It is also helpful in examining the relation between the far-IR luminosit ly 15
the metallicity (Takagi et al. 1999, Hirashita, Inoue, & Kamaya 2000). e

2. The mf)del .is as simple as possible. The galaxies are treated as one zone and some
appr.ommatl.ons. (e.g., instantaneous recycling approximation; see §3.3 for details) are
applied. This simplicity helps us to examine the response of the relation between th
dust-to-gas ratio and metallicity to various physical parameters (83.4) e

3.2 Model Description

In this section, we derive the model equations which describe the dust content in a gal

The n?odel is based on the chemical evolution model as described in Tinsle (198035 gF ot
we estimate the quantities related to the dust formation and destruction. Thg,n we co;lstlrSt'c,
a set of .model equations. We treat a galaxy as one zone to concentrate on glo,bal ro rtl'm
of galaxies. The simplicity of one-zone treatment has an advantage that the Pommes to
change of parameters concerning the chemical evolution are easily tested reponses fo

3.3 Basic Equations

As me'ntioned in the previous section, we treat a galaxy as one-zone for simplicity. The time
evo}lutlon of the gas mass in a ga.la.xy is determined by the infall rate from the halo, F, the
outflow rate, W, the:' consumption by star formation, 1, and the recycling from stell;r I,nass
loss, E. Then, the time evolution of the 8as mass is described by

Mg _
& - YtE+F-w. (3.1)

The time evolution of the mass of the hea (i
: : vy element i (i = O, C, Si, Mg, F. i
whole galaxy (including that in dust) is expressed as b o ete) n the

a; _ f

1 . .
The appromnlatlon that neglects or averages Spatial (l]‘sl;lﬂ)]li,)( m o antiti
the iti y
X X g fqu ntit es and 0n] COncentrate
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where X! and X}" are the abundance of i in the infalling and outflowing materials, respec-
tively. The time evolution of My ; (the mass of metal i locked up in dust grains) is estimated

as
dMy;  [dMy; dMgy,; dMy,; N dMg, ;
a | 4t |, dt | aee dt Jgp dt |gyn
dMy, dMy,
e[, 5 a2

Each term on the left-hand side is explained in the following subsection.

3.3.1 Dust Formation Processes

Formation in Stellar Mass Loss

Grains are supplied by the stellar mass loss from evolved stars and SNe. According to Gehrz
(1989) evolved stars are dominant over SNe, while SNe are considered to be dominant in
Dwek & Scalo (1980). Here, we parameterize the “effective condensation efficiency (fin,i)” of
the metal element labeled as ¢ injected from stellar sources as

dMy ;
[-%] ) = fin,i Ei, (3.4)

where [dMjy ;/dt], means the rate of dust injection from stellar sources (evolved stars or SNe)
into interstellar medium, fi, ; is the condensation efficiency of heavy element labeled as i,

and E; is the injection rate of metal ¢ from stars.

Growth in Dense Clouds

The mass increase of dust in interstellar spaces occurs through the accretion of heavy elements
onto preexisting dust grains (e.g., Dwek 1998). This process is the most efficient in dense
environment (i.e., molecular clouds), where the collision between grains and heavy element
occurs most frequently. The timescale of the dust growth 7gow in clouds is estimated as
md

T = G (35)
where mq is the typical mass of a grain. If a spherical grain is assumed, we obtain the
following expression for the growth of the mass:

dmg
dt

where a is the size of the grain; vy, ny, and Amy (my is the mass of a hydrogen atom) are
the typical thermal velocity, the number density, and the mass of a metal atom, respectively;
&m is the sticking efficiency of the metal atoms onto grains (Spitzer 1978). This gives an

estimation of 7grow as

= 1a%vmnmAmyén, (3.6)

4as (3.7)

Terow = m————————
grow 3vmnmAmy Em ’

where s is the material density of a grain. Apparently, 7grow depends on metallicity through
N -
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de,i dmgy
21: [ dt Jacc ~ NgXcold _dt ) (3.8)

where Ny is the number of gra:ins in the galaxy and X4 is the mass ratio of the cold gas

itr?tzli ;1}216 %asd In the abovle; estullllate, the factor Xc1q indicates that only dust incorporated
clouds can grow through the accretion (e.g., Hirashita 199 i i

e C58) roteen v (eg a 1999b). Using equation (3.6),

dMy,: My, i X cold
> [Ma] oy Mo a9

i Tgrow

where we assumed a spherical grain; i . ;= 3 i
;o obtain p grain; i.e., Y, Mg ; = 4ma®sNy/3. For species of metal element

[de,i] ~ Ma,i Xcold
T . ———Tgmw . (3.10)
The abundance of metal i is defined as
_ M
X; = —M-g—, (3.11)

whelte M; and Mj are the total mass of metal ¢ and gas in the galaxy, respectively. If

consider that a part of heavy-element atoms are tied up in grains the’effective abz.nd e
of mete}l poss}ble to be accreted onto grains is lower than X;. Deﬁ,ning fi as the ﬁactioaglci
metal 7 that is absorbed by grains (i.e., fi = Mq,:/M;), the effective abuzndance of met 1(')
expressed as (1 — f;)X;. Thus, we assume that we

dMy, -~ Md,chold(l - fi)
dt o '

ifere, we estimat.e Tgrow, the typical timescale of the dust growth in molecular clouds. We
opt the G‘-a%a.ctlc val}le for the simple parameterization. Estimating 7gow (eq. [3.7]) at the
solar metallicity (fractional abundance of metals by mass of 2 x 1072 is assumed), we obtain

Terom (3.12)

Tgrow = 3 X 107¢1, (3.13)
where we put a = 0.1 = =B A= = i
s p pm, s=3 gem™>, A =20, and T = 50 K (equivalent to vy, = 0.14 km
3.3.2 Dust Destruction Processes
Incorporation into Stars

The dust mass incorporated into stars is estimated as

dMa il _ .
o P el (3.14)

v»lflherfz ¥ and D; are the star formation rate and the mass ratio of metal ¢ in the dust phase to
that in the gas (1.e:, D; = My,i/My), respectively. We should note that we adopt a one-zone
model, so that D; is an averaged dust-to-gas ratio in the whole galaxy.

3.3. BASIC EQUATIONS 29

Destruction by SN shocks
The destruction rate of dust by SN remnants (SNRs), [dMq,i/ dt)sn, is written as

dMy 4
[———dﬁ] = —D;eMsnr RsN (3.15)

where ¢ is the grain destruction efficiency, Mgnr is the total mass of interstellar gas swept
up by an SNR during its lifetime, and Rgy is the number of SNe (Type I and Type II) per

unit time. We define Tsn as

Mg
TINSE ——— 5 - 3.16
SN= eMsnr Rsn (3.16)
Using 7sN, equation (3.15) is reduced to
[—-—de’i] = Mo (3.17)
dt SN TSN ’

According to McKee (1989), TsN = 4 x 108 yr, consistent with Jones, Tielens, & Hollenbach
(1996).

3.3.3 Infall and Outflow

The dust mass in a galaxy changes due to the infall and outflow. The dust mass increase via
the infall, [dMy,:/dt}in, is expressed as

de‘i _ f
250) ote o)

where Df and F are the dust-to-gas ratio of infalling gas and the infall rate of gas, respectively.
The changing rate of dust mass in the galaxy through the outflow (galactic wind) is

described as

AMai] | o
[ = ]w_ DYW, (3.19)

where DY and W are the dust-to-gas ratio of the wind and the outflow rate of gas, respectively.

3.3.4 Instantaneous Recycling Approximation

For an analytical convenience, we adopt the instantaneous recycling approximation. We posit
that stars less massive than m live forever and the others die instantaneously (Tinsley 1980).

With this assumption, we express E and E; as
E = Ry, (3.20)
E; = (RXi+Y%:), (3.21)

where R is the returned fraction of the mass that has formed stars, which is subsequently
ejected into interstellar space, and Y; is the mass fraction of the element i newly produced
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. 2 ces
and ejected by stars.? The two quantities, R and Y;, can be obtained using the following

formulae:
R = /m | "I — w(m)jg(m) dm | (3.22)
Y = . ) mp;(m)p(m) dm, (3.23)

where ¢(m) is the initial mass function (IMF),
m@(m) in the full range of the stellar mass becomes unity, m, is the upper mass cutoff of

stellar mass, w(m) is the remnant
mass of a star whose mass is m, and p; i i
of mass converted into the element 7 in a star of mass m, ’ pﬁ(m) i the fraction

Using the above parameters, R and Yi, equations (3.1) and (3.2) become

which is normalized so that the integral of

dM, (1-%
a =0 WH+F-w, (3.24)
t _— — . w
@ = A =RXp+ Y+ XIF — XFW . (3.25)

Finally equation (3.3) is reduced to

dMy ; ;
3 = fin,i(RX: + Ya)y + YaiXeoal = £3) _ yD, - Lo
Tgrow : TSN

+DIF _Dr¥w.
i 4 (3.26)

3.4 Closed-Box Model

Here, we examine the case where the inflow and

tfl i
This case is often called “closed-box” i medel s e (b F = W = o

model. This model has been a first step to understand

' emical enrichment i i i =
equations (3.24)—(3.26) become et in gelades. Putting F = W = >

M -y,

~ (3.27)
dM;
7 =~ 1-RXip+ Yy, (3.28)
dMy ; My X .
L fin,i(mXi'*'y’)w‘*‘ d, (:old(1 ”'fi) _ L Md,i
dt [ Tgrow "th —75 - (3.29)
For analytical convenience, we modify these equations as
1dM,
—— 8 _ _/1_
v d = 1-m), (3.30)
My,
'lp dt 2 (3.31)
MydD;
,‘/} d—t = fin,i(-'R-Xi + yz) - [fR + ,BSN - ﬂgrow(l - fi)]ﬂi ’ (3-32)

20 __ R
R =R and Yi = y;(1 — R) in the notation of Lisenfeld & Ferrara (1998).
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where we have defined the following two parameters:

M,
=M 3.33
Pen TSNY 39
Mchold
L= 3.34
,Bgro 7'grow"r/} ( )

Generally both Bsn and Bgrow are functions of time, but we assume that these are constants
for the reason as follows. Recall the definition of sy in §3.3.2; 7sn = M /(eMsnrRsN).
Because the dependence of Msngr on the gas density is weak (McKee 1989), 7sn o< Mg /Rsn
if we assume the efficiency of the dust destruction, € to be constant. If we assume that the
rate of supernova Rgy is proportional to SFR v, Mg/7sn = fBsn = constant. On the other
hand, Bgrow X MgXcola/1. If we assume the Schmidt law with index n = 1 (Schmidt 1959),3
1 o« MgXcola- Thus, Bgrow can be regarded as constant.

Now we estimate fsn and Bgrow by using the typical quantity of the Galaxy. First, 7gy is
estimated as 4.3 x 108 yr (McKee 1989). Moreover, the typical timescale of gas consumption,
Mg/, for a spiral galaxy is 10°-10'° yr (Kennicutt, Tamblyn, & Congdon 1994). If we put
Tsn = 4.3 x 10® yr and M,/ = 5 x 10° yr, we find fSsn =~ 10. On the other hand, we obtain
Bgrow = 8, where we have used equation (3.13) and have assumed &, = 0.1.

Combining equations (3.31) and (3.32), we obtain the following differential equation for
D; as a function of X;:

th grow‘Dg
digx, = fini(RXi + i) = (R = Bgrow + Bon) Di — : X; (333

where we used the relation of f; = D;/X;. We should note that R and Y; are constant owing
to the instantaneous recycling approximation.

3.4.1 Comparison with Observations

The result of the numerical integration of equation (3.35) is compared with observational
data of nearby spiral galaxies. We take again i = O. Moreover, we make an assumption that
total mass of dust including both oxygen dust and carbon dust* is proportional to that of
oxygen in the dust phase. In other words,

1

where C is assumed to be constant for all spiral galaxies. We adopt the Galactic value,
C ~ 2.2 according to Table 2.2 of Whittet (1992).

For further quantification, we need to fix the values of R and Y; for the traced element
(i = 0). We choose oxygen as the tracer, because (i) most of it is produced in type II
SNe which are also responsible for the shock destruction of dust grains; (ii) oxygen is the
main constituent of dust grains (see also LF98). The point (i) means that the instantaneous
recycling approximation may be a reasonable approximation for the investigation of oxygen

3The star formation rate 4 and the gas mass M are often related as ¢ o« MZ. This relation is called as
the Schmidt law after Schmidt (1959). Originally Schmidt assumed the relation between the star formation
rate and gas density. After various observational examination, Schmidt proposed that n = 1-2.

“We should note that the carbon dust is not traced by oxygen. Here we make this assumption for simplicity.
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abundances, since the generation of oxygen is a massive-star-weighed phenomenon. In other
words, results are insensitive to the value of m defined in equations (3.22) and (3.23). Ac-
cording to LF98, we put m; = 1 My and m,; = 120 Mgy. We use a power-law form of the
IMF: ¢(m) x m™*. Two kinds of the IMFs are investigated: = = 2.35 (Salpeter 1955) and
more steep case: z = 2.7. If we assume that the lower cutoff® of the stellar mass is equal to
mi(= 1 Mg), (R, Yo) = (0.79, 1.8 x 1072) and (0.68, 9.6 x 103) for the IMFs of Salpeter
and Scalo, respectively (LF98). Evidently, stars with mass lower than 1 M exist with a sig-
nificant fraction in mass. So we adopt the lower cutoff of 0.1 M instead. The values become
(R, Yo) = (0.32, 7.2 x 1073) and (0.13, 1.8 x 1073) for = 2.35 and 2.7, respectively. We
use the former values for R and Yo unless otherwise stated.

Dependence on Sgow

First, we examine the dependence of Xo—D relation on the parameter Sgrow, the efficiency
of accretion of heavy element onto the preexisting dust grains. The result is shown in Figure
3.1a. The solid, dotted, dashed, dash-dotted lines represent the case where fgrow = 10, 15, 5,
and 0 respectively. The other parameters are set as fin,0 = 0.1, (R, Yo) = (0.32, 7.2x1073),
and Bsny = 5. The metallicity is represented by [O/H]. We note that [O/H] = z means that
the abundance of oxygen is 10* times the solar value (the solar oxygen abundance is assumed
to be 0.013 in mass; e.g., Whittet 1992). We moreover assume that [O/H] = log(X;/Xie)
for all the elements. The data points are from Issa, MacLaren, & Wolfendale (1990; see also
the references therein) by squares. The dust-to-gas ratio is calculated from the interstellar
extinction and column densities of H 1 and Hy. Each value is evaluated at a galactocentric
distance equivalent to that of the Sun (the galactocentric distance of each galaxy is properly
scaled according to its size). The area marked with “dwarfs” represents a typical locus of
dwarf irregular galaxies and blue compact dwarf galaxies (LF98).

The increase of Bgow means that accretion of heavy elements onto preexisting dust be-
comes efficient. Thus, for a fixed value of the metallicity, dust-to-gas ratio increases as Bgrow
increases. We also show the case of Bgrow = 0 and Bsn = 5 (dash-dotted line), which is far
from reproducing the data. This means that we should take into account the accretion onto
the preexisting dust as Dwek & Scalo (1980) asserted. Thus, the models in LF98, which do
not include the term of the accretion, cannot be applied to spiral galaxies. The equations in
LF98 can be applied to dwarf galaxies, where the accretion process may be inefficient because
of their low metallicity. The accretion process is properly considered in D98.

Dependence on fi, ;

In Figure 3.1b, the solid, dotted, and dashed lines show the D-Xg relations for fi, o = 0.4,
0.1, and 0.01, respectively (in the case of Bgrow = 208sn = 10 and the Salpeter IMF). In
LF98, fino =~ 0.4 is suggested to be an optimistic upper limit. Figure 2 shows that the larger
efficiency of metal production from heavy elements leads to the larger dust-to-gas ratio.

In the limit of Xo — 0, the solution of equation (3.35) reduces to D ~ Cfin 0Xo (see
also LF98), so that D scales linearly with fin, 0. Thus, the precise value of fi, 0 can be
constrained by low-metal galaxies. Indeed, the difference among the three cases is significant

5The lower cutoff mass is different from m,. In this chapter, m; is defined as the turn-off mass at the age
of the galaxy.
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in the low-Xg region in Figure 3 1(d). It seems unli ha < n he data
! . . eems unlikely that f;, o i
the low-metal spirals cannot be reproduced by such small fi om’ 0% since the data of
n, O-

Dependence on IMF

'(I(')h:gezdif;ezrence Og mass function is reflected by different R and Yo. We examine the case of
. . - - : e o
el o F]x l:ro 3)1311(’11‘ 1(10-13, 1.8 x 1073) for z = 2.35 and 2.7, respectively. We present the
lines respeft' ¢ ! ’ ’:c[:h d? f;’esults for 2 = 2.35 and 2.7 are represented by the solid and dotted
» Tespectively. Lhe differences among the results are t :
observational errors) to determine which line is preferz—mbleg0 small (comparable to the fypical

3.4.2 Comment on the Expected Effect of Infall and Qutflow
Infall

inVv;hent tlllle n;:;alliqity an? the dust-to-gas ratio in the infall gas are much smaller than th.
meﬁ iec : g’r : 111; (;;., tXé << X;-i and fo- » the relation between the dust-to-gas ratio and th:
ected significantly. This is because equations (3.25
.25) and (3.26
changed from the closed-box case. However, if the metallicity or dust-go-gas (ratio) 1{:. senlxlsl;

as expected in the early phase of galaxy evoluti i
oy be oo the galaxy evolution, the pre-enrichment of the infall material

Outflow

tThe eff(;ft (;)f the outﬁow.was considered in LF98. The outflow influences the relation be-
ween the dust-to-gas ratio and the metallicity significantly if dust-to-gas ratio in the wind
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is different from the value in the interstellar gas (i.e., D}’ # D;). However, if DY ~ D;, the
effect is not significant.

3.5 Summary and Conclusions

Based on the models proposed by LF98 and D98, we have examined the dust content in
nearby spiral galaxies. We simplified the basic equations in D98 and applied the instanta-
neous recycling approximation to them. We treated one-zone model equations which describe
the changing rate of dust-to-gas ratio including the terms of dust condensation from heavy
elements ejected by stars, destruction by SN shocks, destruction in star-forming regions, and
accretion of elements onto preexisting dust grains (§2.1). Assuming that the total dust mass
is proportional to the mass of oxygen in the dust phase, we compared the results® with the
data of nearby spiral galaxies (for the detailed comparison with the Galactic values, see D98,
in which the data are excellently reproduced). Finally, we summarize the conclusions reached

in this chapter:

[1] Unless we take into account the accretion process of heavy elements onto the pre-
existing dust particles, we cannot explain the observed relations between dust-to-gas
ratio and metallicity of nearby spiral galaxies. The accretion process is important for
high-metallicity systems, since the collision rate between heavy-element atoms and dust
grains is large. The data of dwarf galaxies, which are generally low-metallicity systems,
may be explained even if the accretion process is neglected (LF98). The recent model

by D98 properly treated the accretion.

[2] The efficiency of dust production from heavy element (denoted by fini) can be con-
strained by the galaxies with low metallicity. It is unlikely that fi,; < 0.01.

[3] As for IMFs, the change of = from 2.35 to 2.7 do not significantly change the resulting
relation between dust-to-gas ratio and metallicity. The change is smaller than the

scatter of the observed quantities.

5We should keep in mind the uncertainty concerning the observational data (e.g., the uncertainty in CO-
to-Hz mass conversion factor; Arimoto, Sofue, & Tsujimoto 1996).



Chapter 4

Nonlinear ISM and Dust-to-Gas
Ratio

In this chapter, we present an evolution model for the dust-to-gas ratio on a galactic scale in
a nonlinear interstellar medium (ISM). In order to understand the process of dust formation
and evolution, it is indispensable to understand the physical properties and time evolution
of ISM. Now ISM is known to be composed of gas with various temperature and density.
Thus, the ISM is understood as a multi-phase gas. The most popular is the three-phase
model proposed by McKee & Ostriker (1977). In this chapter, we review each component
of the three phases, and introduce a time-evolution model for the ISM by Ikeuchi & Tomita
(1983), which describes a nonlinear evolution of fractional mass of each component. In order
to examine the evolution observationally, we first consider the star formation history of spiral
galaxies. The discussion is based on Hirashita & Kamaya (2000). Then, we examine the
evolution of dust-to-gas ratio based on Hirashita (2000b).

4.1 Overview of ISM

Studies of the ISM contribute to our understanding of the structure, kinematics, and evolution
of galaxies (Dahlem 1997). The activity of star formation, its spatial distribution, and its
temporal change depend strongly on the properties of the interstellar gas from which stars can
form. Observational studies of ISM naturally started in our local vicinity—within the Galaxy
(Milky Way). Here we briefly review “multi-phased” ISM. We are especially interested in
the three phases as described by McKee & Ostriker (1977); the cold, warm, and hot media.
Various ISM components with a variety of physical properties are compiled in Myers (1978).
The typical temperature and number density are listed in Table 4.1.

Table 4.1: Typical temperature 7' and number density n of each phase in ISM

Phase T (K) n (cm™?)
Cold 10 10

Warm 104 0.1
Hot 108 1073

37
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Since the growth and destruction ra
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4.1.3 The Hot Medium
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of ISM. In this section, we propose a scenario of star formation histories in giant spiral
galaxies from the viewpoint of the three-phase model of ISM. Our standpoint is based on
a very interesting observational result presented in Kennicutt, Tamblyn, & Congdon (1994,
hereafter KT'C94). According to their sample galaxies, there is a difference in present star-
formation activity among morphological types of spiral galaxies (their §5.2). They used
equivalent width of Ha as an indicator of star formation activity. The early-type spiral
galaxies have a one-order-of-magnitude variety in b, which denotes the present-to-past ratio
of star-formation rate (SFR), as being b = 0.01-0.1. On the other hand, b = 0.5-2, a range
of just a small factor, in the late-type spiral sample.

There are various indicators of star formation rate of galaxies (Kennicutt 1998a; chapter
5). One of them is the far-infrared (FIR) luminosity. Tomita, Tomita, & Saitd (1996) found
a difference in present star-formation activity among different morphological types of spiral
galaxies (see also Devereux & Hameed 1997) from the FIR-to-B luminosity ratio. Tomita et
al. (1996) commented that this variation may be a short-term change in the SFR in spiral
galaxies and the duration of an episode of star formation activity is < 108 yr.

Color of galaxies is also an indicator of star formation activity (Tinsley 1980). Recently,
Tomita, Takeuchi, & Hirashita (1999) examined the U — V color and found the same trend
as KTC94 among morphological types.

A theoretical interpretation for the various level of star formation activities in spiral
galaxies is put by Kamaya & Takeuchi (1997, hereafter KT97). They pointed out that the
short-term variation of star formation activity proposed by Tomita et al. (1996) may indicate
that the ISM in a spiral galaxy is a non-linear open-system. That is, they suggested that
the duration may result from the period of a limit cycle of mass exchange among various
phases of the ISM (see Ikeuchi & Tomita 1983, hereafter IT83, for the limit-cycle behavior;
see also Scalo & Struck-Marcell 1986). The word “open” indicates that a system exchanges
mass and/or energy with the outside. In the case of Ikeuchi & Tomita, the system receives
energy from SNe and radiate outside.

If the ISM in a galaxy is regarded as a non-linear open-system on a galaxy-wide scale, a
limit-cycle star formation history may become possible (a general treatment for the emergence
of a limit-cycle solution is described in §4.3.2). Indeed, the variance of the star formation
activities of spiral galaxies can be understood as a short-term (< 108 yr) variation of their
activities. Recent result by Rocha-Pinto et al. (2000) suggests that the Galactic star formation
history indeed shows such a galaxy-wide variability (but the timescale is longer: Takeuchi &
Hirashita 2000; Hirashita, Burkert, & Takeuchi 2001).

KT97’s discussion was based on the sample of Tomita et al. (1996). In the subsequent
discussions, we re-examine KT97’s proposal more quantitatively than their original consid-
erations through a comparison with KTC94. Moreover, we examine whether their scenario
is consistent with the difference of SN rate among the morphological types of spirals, since
the amplitude of the limit-cycle orbit is determined by the SN rate (§4.4). Thus, we can
state clearly our motivation here. We aim to interpret the difference in star formation his-
tory among morphological types in the framework of the limit-cycle model of ISM in spiral
galaxies.

According to a review by Ikeuchi (1988), he and his collaborators indicated that we might
understand the dynamical evolution of the ISM on a galaxy-wide scale if we could describe

galaxies as nonlinear open systems. (See also Nozakura & Ikeuchi 1984, 1988 and Tainaka,
Fukazawa, & Mineshige 1993 for the spatial structure. We focus on the temporal behavior. In
the future work, the spatial structure should be examined to see how large coherent structure
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appears.) Here, we stress that one type of their models, the limit-cycle model, indicates a
periodic star formation history (KT97). To understand the behavior of star formation activity
of spiral galaxies, we focus on this interesting hypothetical behavior of the ISM. Adopting the
limit-cycle model, KT97 insisted that the amplitude of the cyclic part of the SFR, ¥, should
be larger than the SFR of the quiescent era, ¥. Moreover, adopting a Schmidt (1959) law
of index of 2, they predicted that the amplitude ratio of ¥'s, defined as Max(¥')/Min(¥’),
should be ~ 50. Here, Max(¥’) and Min(¥’) indicate the maximum and minimum values of
¥/, respectively. However, since Max(W¥’)/Min(¥’) depends on the characteristic parameters
for the limit-cycle model (IT83; or §4.3), we re-examine the amplitude for various parameters.

4.3 Cyclic Star Formation History: Model

Since our discussions are based mainly on KTC94, we summarize KTC94. KT97 is also
reviewed. Although KT97’s discussion is based on Tomita et al. (1996), their argument on
the duration and the behavior of star formation activity is not altered even if we are based
on KT(C94.

Treating a data set of Ha equivalent widths of galactic disks with various morphologies,
KTC94 have shown that the star formation activities present a wide spread for each mor-
phological type (KTC94’s Fig. 6). They derived b parameter which indicates the ratio of the
present SFR to the past-averaged SFR.

Based on KT97, we re-interpret Figure 6 in KTC94: The KTC94’s wide dispersion of the
star formation activity is interpreted as evidence for a periodic or intermittent star-formation
history on the scale of a giant galaxy. If galaxies have the same morphological type and
the same age, such a large scatter as that in Figure 6 of KT'C94 should not appear for near
constant or monotonically declining SFRs. However, if cyclic star formation occurs in any
spiral galaxy, we can easily understand why such a large scatter emerges. If the period of the
cyclic star formation is several times 107 years, the dispersions in KTC94’s Figure 6 do not
contradict the hypothesis of KT97 by setting b = 1/’/1, where 1’ and 9 are the cyclic and
past-averaged SFR, respectively.

Indeed, such a periodic star formation history is proposed by Ikeuchi (1988) as cited by
KT97. His discussion is based on the limit-cycle behavior of the fractional mass of each ISM
shown by IT83. If the fractional component of the cold gas, where stars are formed, cyclically

changes on a short timescale (~ 107-108 yr), the SFR also varies cyclically. Thus, we review
the formulation by IT83 in the next subsection.

4.3.1 Limit-Cycle Model of ISM (Ikeuchi-Tomita Model)

We review the limit-cycle model for the ISM proposed by IT83 (see also Scalo & Struck-
Marcell 1986). The model has been utilized to interpret Tomita et al. (1996) (KT97). The
limit-cycle behavior emerges if we treat the ISM as a non-linear open system. As long as the
ISM is a non-linear open system, it spontaneously presents a dissipative structure (Nozakura
& Tkeuchi 1984).

First of all, we should note that the galaxy disk is treated as one zone. The ISM is
assumed to consist of three components each with its temperature 7' and density n (McKee
& Ostriker 1977); the hot rarefied gas (T ~ 106 K, n ~ 1073 ¢cm™3), the warm gas (T ~ 10*
K, n ~ 107! ¢cm™3), and the cold clouds (T ~ 102 K, n ~ 10 cm™3). The fractional masses
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of the three components are denoted by X1, Xw, and X, respectively. A trivial relation is
Xp+ Xw+Xc=1 (4.1)

The following three processes are considered in IT83 (see also Habe, Ikeuclfu, 8;( Tzzzaki
1981): [1] the sweeping of the warm gas into the cold compone}lt at the rate o tat*hewrat; ~
5 x 10~8 yr~1); [2] the evaporation of cold clouds err.xbedded in the hotbgas at © rate of
b X X2 (by ~1077-107° yr~1); (3] the radiative cool:ing o_f7the_};ot gas by m:ixmg vith the
ambier:lt warm gas at the rate of cxXwXh (c,,. ~ 1076-10"7 yr™'). Writing down
equations and using equation (4.1), IT83 obtained

d(‘;(c — —BX.X?+ A(1 - Xc — Xu), (4.2)

-

ij_‘h = —Xp(1 — X — Xn) + BXXE, (4.3)
-

= c.t, A= a./c., and B = b./cCx- - . .
Whe'?ilg solcutions of e{luations (4.2) and (4.3) are classified into the following three types
(IT83):

[1] A > 1; all the orbits in the (X, Xn)-plane reduce to the node (0, 1) (node type),

[2] A<1andB > Ber; all the orbits reduce to a stable focus [(1— A)/(AB+1), A] (focus

type),
[3] A<1and B < Ber; all the orbits converge on a limit-cycle orbit (limit-cycle type),

where Bo, = (1 — 24)/A?. Obviously, case 3] is important if we wish to prediﬁ: a ?ctlfggt;ir
cr — ; .
i i i f the limit-cycle model by Ikeuchi ,
formation history. According to the sumf{nary o : le model o %)
i i i depicted in his Figure 4. Since this
eriod of a cycle is several times 10 years, as : :
tl:e(:‘ici)dris much shorter than the characteristic timescales in galaxy evolution s?ch asdthe
I;as consumption timescale (> 1 Gyr: KTC94’s TR), the cyclic change of S%*‘thhw?ll pro 1::
i i ivities i iral galaxies even if their ages
the observed star formation activities in Spir
:ixi(;?:.:erl;nFigure 4.1, we show the time evolution of the cold and hot components when

A =0.38 and B=1.0.

4.3.2 Brief Review of Nonlinear System

we see clouds that has a spatial structure. The
structure attracts scientists as well as poets. 'It is. :;;tiezr;: trkIl‘;te :?:;1 ::i?:t,:r: u:&c:zicé g;
understood from a macroscopic, not a microscopic, Vi . : rod by

i inuously transport thermal energy. The system with macroscopic fio

:)lflee‘r:;xrl;;c:x?cxl] ng)t ;;)alic;fial is Zeneralrl’y called a nonequilibrium system. or artl o!)erlllescy;t;rg
Since a linear system cannot sharpen the boundary of clouds, a nonlineari gf is ccessary
to make the clouds sharply outlined. Thus, the system should be open and nonline

eproduce the structure of clouds. . . .
i Not only a spatial structure, but also a temporal behavior characterizes nonlinear systems.

As an example of a model of nonlinear system, we consider equations (4.2) and (4.3)- Defining
two functions F(X1, X2) and G(X1, Xo) as
F(X1, Xa) = —BX1X3 + A(1 - X1 — X)), (4.4)
G(X1, Xo) = —Xo(1 — X1 — X2) + BX;X2, (4.5)

When we raise our eyes toward the sky,
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Figure 4.1: Time evolution of the fractiona
Xmld. z.md Xhot- The values for the paramet
condition is (X uq, Xhot) = (0.0, 0.7).

| masses of the cold and the hot components,
ers are set as A = 0.38 and B = 1.0. The initial

we rewrite the model equations as

o _,
ar — FlX, Xa), (4.6)
X _ orx

ar M, Xo). (4.7)

Here a general discussion for the non line i
: ¢ -linear system is made with the ab i
Sth 8 type of equations is Investigated in the field of the chemical Or"e S:' o eCI_uatl.ODS-
Prigogine 1077 eaction (Nicolis &
First, we determine an equilibrium soluti i
, : lon by solving F(Xy, X,) = G(X =

denotfe the solution as (X9, X3J). The stability of this solution ) ) =0, e
eqtfatlons (4.6) and (4.7). For the linear analysis, we define pertu
which have small (infinitesimal) amplitudes:

is examined by linearizing
rbations z; and 9 both of

X1=X{)+a:1, (4.8)

Dropping quantities that enter i
Dropbing €r in equations (4.6) and (4.7) of any order higher than linear,

doy _ OF OF
dr = 98X, ), " ax, |, Y =, (4.10)
dr = ox;), "t x| Y=ty (4.12)
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where the subscript “0” indicates the value at (X, Xo) = (X?, XJ). We the functional form
of r and y as

0
I ‘Tl
= exp(A1), 4.12
(2) = (33) exern (4.12)
where X is the solution of
a—A\ b
¢ d—A'_O’ (4.13)

The equilibrium state (X?, X9) is stable if ReA < 0. However, if Re A > 0, the state is
unstable. In this case, the system starting near (X?, X9) evolves to another state. However,
this evolution is often converged on a cycle in a nonlinear system. This cycle is called limit
cycle. Such a cycle is present in case [3] in §4.3.1 and is investigated in IT83.

4.3.3 Oscillatory Model of SFR

According to KT97, we test the non-linear evolution of ISM. First, we define the present
quiescent component of the SFR as 1 and the oscillatory component of the SFR as ¢’. Then,

the total SFR is denoted as
v=9y+¢. (4.14)

Our definitions are adequate when the period of oscillation of the SFR is much smaller than
the cosmic age (e.g., Sandage 1986). According to Schmidt (1959), the SFR in a galaxy is
approximately expressed as SFR o« n? (1 < p < 2), where n is the mean gas density of the
galaxy. If we interpret n as the gas density of a cold cloud, which can contribute to the star
formation activity, we expect the oscillatory part of the SFR to be

P o X2°, (4.15)

where we have assumed that p = 1.5 (Kennicutt 1998b). Using this relation and equations
(4.2) and (4.3), the variation of the star formation activity (i.e., ¢’ as a function of 7) is
calculated. For example, according to Figure 6 in Ikeuchi (1988), this mass fraction of the
cold gas, X, can vary from ~ 0.1 to ~ 0.9. Thus, we expect the magnitude of the variation
of ¢ to be about two orders of magnitude during one period of the oscillation.

Since our model follows IT83, the structure of a model galaxy is hypothesized to be one-
zone, that is, the local phenomena of the ISM are averaged in space. The simplicity of the
one-zone approximation gives the advantage that the background physical processes are easy
to see.

As a first step, we treat a model galaxy as being a one-zone object which is a non-linear
open system. Habe et al. (1981) stated in their §7 that for the one-zone assumption to be
acceptable it is necessary that the mean distance between SN remnants (SNRs) be less than
100 pe (if a characteristic lifetime of SNRs of 7jie ~ 107 yr and a mean expansion velocity
of 10 km s~! are adopted). This is because the SNRs should affect the whole disk for the
one-zone treatment. The distance of less than 100 pc means that there are N ~ 10* SNRs in
a galaxy disk, if the disk size of 10 kpc is assumed. This number is possible if SNe occur every
103 yr (mite/N ~ 107 [yr]/10%). Considering that the SN rate in a spiral galaxy is typically
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1/100-1/50 yr=! (Cappellaro et al 1993)
/ . , the mean di i
pc even if 10-20 massive stars are clustered ina regions.tance peteen SN i less than 100
starhflcc)l:ri(i,t frorr;x .the observational viewpoint, Rocha-Pinto et al. (2000) have shown that the
ver Jorma 1(on aTlstory of the. Gala.?(y does present a short-term variability whose timescale
e SOlaryneisgiebors;)Oggk(:Echx 8; Hu;jas;ﬁta 2000). Though they adopted the sample stars in
» they showed by estimating the diffusion t; f
sample represents the stars in the Galaxy-wi o observainy sy ihat the
! y-wide scale. Based on this ob i i
as well as the discussions in the i the onesone tmence
: previous two paragraphs, ,
by IT83 and apply it to the ISM on a galaxy-widegsrca?e. e Accept the one-sone treatment
o ((g:lfetwe accept the one-zon.e treatment, we need global observational measures of a alac-
O examine our scenario. In this paper, the Ha equivalent width in KTC94 1gs the

global physical parameter KTC94 declared i
. that t
and that they represent the disk component, at their data excluded the bulge component

4.3.4 Application to KTC94

ngri tt;e .corlxzrp}‘arison betwee.n the model prediction and the observational data, we relat b
¢ e(;liiti in Th094 (the ratxq of the present SFR to the past-averaged SFR) t,o the r:og 1
gl I 13?97 € parameter b is calculated fr_om the equivalent width of Ha emission Accor(;3
Or,'g to K1 fr, we ca}? assume thaF b. ~ o'/ if the large variance of b in Figure 6 o.f KTCQ;
his%; e t«}Jlr: Sac }T (?gtt-tlerm(varlatxon. We combine IT83’s model with the star formation
midt faw (equation 4.15). For example, when X i
e ‘ ' , = 0.1 at th i
3?;{ :imd X, h— 0.7 at .the maximum (Fig. 1 of IT83), the value of )c(é’ changes freozxnn l(r)uOn;utm
ti.m ¢ 1urmg zhe cytr}clle if p = 1.5. Accordingly, we find that the maximum SFR is abo.ut 2((;
arger than the minimum SFR, since ¢’ is i
. : SFR, proportional to X? (eq. [4. i

the cyclic s.ta:r-formatlon scenario, we find the maximum of p alscf lf:gorgqewgg ?hus, argor
than the minimum b in this numerical example. " times larger

limi’iz s;mmazz;:,.the large variax'xce of b in Figure 6 of KTC94 is naturally derived, if th
o ycle model is a real.evolutlonary picture of ISM. In the next section we e’ ine
i is polllnt more prgmsely, In order to reproduce the variance of star format,ion ac):?‘r?:;l'ne
m;x GE?;)/m’orph:)loglcal type of Ispiral galaxies. In the following discussions, we exa:l'les
mex(y méx;‘(w ), where' max(y’) and min(¢’) are maximum and minimum ,values of tllrlle
o i at ory R (th(? maxxml}m and minimum are defined by the maximum and minimum t :
m:f:(axxg)n/ Ir;:),.te(s )((ill’l)milgl a li)erlod of the limit cycle, respectively), and thus max(y’ )/ min(¢’s) ir
c)/min(Xc). In the rough estimate in t i , i 0

with p L5, e o the o n the previous paragraph, max(1)’) /min(y’) is 20

p, = mEx(¥)
() (4.16)

for convenience in the subsequent sections. Using this relation and equations (4.2) and (4.3)
. 3),

the variation of the star formation activity (i
t ! i i
hphcimerialon ivity (i.e., ¢ as a function of 7) is calculated, and F,

4.4 Scenario of Limit-Cycle Star Formation

To grlo;;ose a scena.ri(? of star formation history for spiral galaxies based on the limit-cycl
model, let us start with a very interesting observational result. According to KTC94 );(;1:
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early-type sample has a larger variance of SFR than the late-type sample. As a first step, we
reconstruct this observational tendency in the framework of IT83. Then, we perform several
numerical analyses to examine parameters which implement the limit-cycle oscillation of the
cold phase of the ISM. For the ISM in spiral galaxies, the full possible ranges of the parameters
of A and B (e.g., Habe et al. 1981) are A = a./c. of ~ 0.05 to ~ 0.5 and that B = b./c, of
~ 0.01 to ~ 1, respectively. In the following discussions, we focus on the parameter sets for
the limit-cycle type (case [3] in §4.3.1).

Two of the results of differently parametrized limit-cycle behavior are displayed in Figures
4.2a and b, where the SFRs are normalized to the minimum SFR. In Figure 4.2a, we find
an amplitude (F¢) of about 10, which might correspond to the result of the Sa sample in
KTC94. Figure 4.2b corresponds to the amplitude of about 4 for Sc in KTC94.

(a) (b)
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Figure 4.2: Time variation of SFR normalized by the minimum SFR. The timestep is nor-
malized to the cooling time of the hot gas determined by the rate of mixing between hot and
warm components (~ 106 yr). (a) A = 0.38 and B = 1.0 are adopted to match the variance
of the Sa sample in KT'C94. The amplitude F; is 10. (b) A = 0.40 and B = 1.0 match the
variance of the Sc sample in KT'C94. The amplitude F is 4.

Clearly, the difference in the amplitude between the Sa and Sc galaxies for the KTC94
data sets can be reproduced via the models which yield Figures 4.2a and b. We also present
F, for various A and B in Table 4.2, from which we observe that the value of F. is more
sensitive to A than to B. Indeed, from the rough estimate, § F;,/§ A ~ —133/0.08 ~ —1600 for
B = 1.0 and 6F./6B ~ —119/1.5 ~ —80 for A = 0.34. Thus, the two figures are presented
for different values of A. Here, we state an important point: The early-type spiral galaxies
favor a small A, while the late-type ones are consistent with a large A.

The variation of the amplitude in accordance with A and B is qualitatively interpreted
as follows. Small A (or small B) indicates that the transition from the warm to the hot
component (or the cold to the warm component) is inefficient. Thus, when A (or B) is
small, we must wait for Xy, (or X,) to become large before the phase transition can become
important, since the transition rate is described by AXj, (or BXcXg). Thus, the amplitude
and the period become large for small A (or B). This interpretation of the relation between
A (or B) and the amplitude is qualitatively robust. This means that the scenario proposed
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Table 4.2: F, as a function of 4 and B

05 10 15 20
032355 137 61 29
034129 52 24 10
A|036]57 23 9 3
03827 10 4 —
040 | 15 4 —

NoTE: ‘We fho:v' the value of F, if B < B, (the condition for the limit-cycle behavior) is satisfied
Otherwise, “—” is marked. See text for the definitions of quantities. '

in this paper is unchanged even if a more elaborate mod
1 .
ey il model such as Ikeuchi, Habe, & Tanaka
A.s.a next step, we examine the SFR variance via the effect of A. According to the
dAeﬁmtlon of A in §2.2, we expect a larger rate of SNe for large A (e.g., Sc) than for small
(e.g., Sa). Then, the result in the previous paragraph predicts an important point that

the early-type spiral galaxies have smaller
: present SN rate than the late- i i
is confirmed in the following two points: © #Cype spirals. This

(1] The high'er SFR per unit optical luminosity in later type spiral galaxies (Figure 6 of
KTC94) indicates that the Type II SN rate per unit optical luminosity is higher in later

[2] The expected trend of the SN rate for early-to-late types has been found by Cappell

et al. (1993). They examine the SN rate per blue luminosity in various types ofp ;) ir&fso
and present a summary of their results in their Table 4. We can confirm via theirI')I‘abl ’
4 that our scenario of limit-cycle SFR is consistent with the observational trend of SI\(;
rate as the galactic morphology varies. Moreover, the present SFR is reflected by th

present rate of Type II SNe. According to Cappellaro et al., Sc-types show higher %ype
IT SN rates than Sa types. Then, we can infer that the SFR of Sc galaxief is 1 :
than that of Sa galaxies, which is compatible with Figure 6 of KTC94. e

From these pieces of evidence, we find a consistent picture of the SFR variance in the spiral
sample as a function of morphology via the scenario of the limit-cycle star formation hi f N
We notfe that the large gas-to-stars mass ratio in late-type spiral galaxies is probabI; (:;Il;);
Ir:ra;:rnSI(:Ir ::ti 'large SFR, and that a larger mean SFR yields a smaller variance because of a
The trt‘end of F; with varying B is also consistent with the different SN rates amon
morphologlcall types. Since B physically means the efficiency of the evaporation of the colg
component via conduction (one of the so-called SN feedback effects), B increases with i
creasing SN rate. Because a large value of B tends to reduce F, as ca.x,1 be seen in Tabl 1111'
smal.l F. is caused when the SN rate is large. Thus, from a similar argument to that ifl t,ha
previous paragraph, late-type spiral galaxies ought to have small values of F. Consideringe
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the sensitivity of F, to A (Table 4.2), however, we insist that A, not B, is the dominant
contributor to the determination of the amplitude Fr.

4.5 Comments on Cyclic Star Formation History

4.5.1 Physical Mechanism

What is the underlying physical mechanism responsible for the variation in A and B? Since
A and B are related to the Type II SN rate, this question reaches the most basic and un-
solved question: What is the physical mechanism responsible for the different star formation
activities among morphological types? First of all, recall that the later spirals have larger
bulge-to-disk ratio than the earlier spirals. This can mean that the net volume of disk of the
later spirals is larger than that of the earlier spirals. Once we accept the larger volume of
disk of the later spiral galaxies, we expect that Type II SN rate per galaxy is higher in the
late types than in the early types because of the large disk, where on-going star formation is
generally observed. Moreover, the parameter ¢, is determined from the mixing rate between
the warm and hot gases. Then, if the volume of disk is effectively larger in the late types
than in the early types, the late-type spirals may have smaller values of ¢, than the early-
types because the ISM will travel a larger distance before the mixing. Since A = a./c. and
B = b./c., the late type spirals tend to have larger A and B than the early types. Therefore,
as an implication, we propose that the size of the disk of galaxies is a factor that physically
produces the difference in A and B among the morphologies of spirals.

We expect that the difference in A and B is produced by an interplay between the size
effect described in the previous paragraph and the SN rate. In fact, the question has been
answered from an observational viewpoint in §5.3 of KTC94 by stating

“From an observational point of view, the progression in disk star formation
histories with morphological type is not surprising, since one of the fundamental
classification criteria is disk resolution, which should relate at least indirectly to
the fraction of young stars in the disk.”

We have presented a consistent picture for the variance of star formation activities in
spiral galaxies by relating the differences in variance among morphological classes with the
SN rate. However, since an earlier-type sample has a lower gas-to-stellar mass ratio, its mean
SFR will be lower but its variance will in any case tends to be larger because of the stochastic
fluctuations. In order to see whether the variance is caused by a purely stochastic process or
not, an amplitude of a stochastic SFR should be given in a physically reasonable way. In other
words, we should specify what kind of the stochastic process is physically reasonable. Though
our model is not stochastic, it provides a way to give an amplitude of the variable SFR. To be
fair, however, another modeling for the variation of the SFR, probably a stochastic modeling,
may provide another interpretation for the variance of SFR in KTC94.

4.5.2 Star Formation History of the Milky Way

In the field of the chemical evolution of the Galaxy (the Milky Way), Eggen, Lynden-Bell,
& Sandage (1962) have inspired the modeling. From the correlation between the ultraviolet
(UV) excess and orbital eccentricity of stars, they concluded that the Galaxy formed by
collapse on a free-fall timescale from a single protogalactic cloud. An alternative picture of
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?alo fgrrf;xationhis proposed by Searle & Zinn (1978). They argued that Galactic system is
ormed Irom the capture of fragments such as dwarf i i
galaxies over a longer timescale th
thzt t}})]ropﬁsed. by Eggen et a.l.. In any case, determining the timescale of the infall of mattai
Z?the E; c1 erix'lcal enrlchnllsgt Is an important problem to resolve the formation mechanism
alactic system. eed, there have been a number of i i
. ' d, papers that invest
formaftlon and chemical evolution of the Galaxy (e.g., Matteucci & Francois 198;8) fxiged 'tlule
galaxies (e.g., Lynden-Bell 1975; Sommer-Larsen 1996). o
X Observatlol-lal .stud'y is now progressing. Recently, Rocha-Pinto et al. (2000) found from
o §ewed age dlsFrlbutlon of the late-type stars that the star formation history of the Galax
1s.xndeed mter.ml'ttent. Takeuchi & Hirashita (2000) compared the Rocha-Pinto et al.’s dat‘Z
:;”alltlh t}_1e %redlctlor{ fI’Ol’fl the infall model, showing that the oscillatory behavior is s:tatisti-
'y significant. Hirashita, Burkert, & Takeuchi (2001) constructed an infall model ith
oscillatory star formation history. m e

Takeuchi & Hirashita (2000
history in the Galaxy as ( ) suggested a two-component model for the star formation

where o5 and gy are the observed star formation histo in Ro i

a,nd that in the best-fit infall model by Takeuchi & Hirashig (2000)Ch1iasppl:ctt(;vzcl » ((2102}(1))
rfes1dual, €, 18 produced by a probability distribution with zero mean axid dis ersiony’ 2E’mTh .
simply assume that o2 is time-independent, showing that o is comparable tI()) % T

If we assu.me that the large variation of the SFR is typical of spiral gala;:il:aasn.th

forrn.atlon activities of them should show a variety. The large value of the vari e ( St?r
consx§tent with previous works that suggested the variety of star formation activitlitr:arsmef (0') alj
galaxies (Kennicutt et al. 1994; Tomita et al. 1996; Devereux & Hameed 1997) F\thh(;rrsri);;e

not strongly concex}trated around the mean. Indeed, in Figure 8 of Tomita et al (1996)
ther(? seems ‘to be little concentration of star formation activity around the mean .wh' h is
consistent with the flat distribution shown by Takeuchi & Hirashita (2000) TR

4.5.3 Comment on Dwarf Irregular Galaxies

For tl'le s'ampk'z of dwarf irregular galaxies (dIrrs), a scatter of star formation activity, which
may indicate intermittent star formation activities, is seen. For example, Mar] " ot 5

(1.995) showed the age of the burst ranges from “on-going” to ~ 1 Gp ’ Th owe'v(:l o
widths of Ha also show a wide range of present star formation a.ctivitiesyf).f dIrre e;\l/}ll o,
Meurer, & Heckman 1999). " (Marlowe

Hfrashxta (2000) examined the nature of the star-formation activities of dwarf irregu]

galaxies '(dIrrs) by considering two processes: stellar feedback and cooling. The f; mor s
the heating process by stars (SNe, stellar winds, UV radiations, thermal cc;nducti Ofmir )
anc.i the latter' is important to initiate the next star-formation act’ivity. First, he hecx)ln, me)
logically .apph-ed the observed propagation velocity of star formation to an e’stimlz)at' omfenl?-
prOpa.gatlon timescale. The typical timescale of the propagation is 1078 yr in dhfsn (l)\I -
he es'tlmated the cooling time of gas heated by the feedback mechanism. For dlrrs tI;e text‘;,
cal tl.mescale for the cooling is nearly 1 Gyr, which is longer than the propagation,timesz:.ll-
mentioned above. Comparing the two timescales, he finally suggested that the star—formatio:
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activity of dlrrs are intermittent.! The small size (i.e., the short propagation timescale) and
the small metallicity (i.e., the short cooling timescale) are both responsible for the intermit-
tence. Efficient interstellar mixing may prevent intermittence, because it makes the cooling
time shorter by an order of magnitude. Thus, an examination of the mixing efficiency is
important for a thorough understanding of the star-formation histories of dlrrs.

4.6 Cyclic Change in Dust-to-Gas Ratio

Dust grains grow in cold clouds efficiently through the accretion of heavy element. This
means that the dust-growth efficiency on a galaxy-wide scale depends on the fractional mass
of the cold gas (Seab 1987; McKee 1989; Draine 1990; Hirashita 2000b). Thus, the efficiency

varies on a timescale of the phase transition of the ISM.
Hirashita (2000b) combined the framework of Hirashita (1999a) with a theoretical work

on multiphase ISM and suggested the time variation of the dust-to-gas ratio by the phase
transition. In this chapter, we aim at constructing a model of the time evolution of dust-to-gas
ratio including the effect of the ISM phase transition.

4.6.1 Basic Equations

In order to describe the change of the dust-to-gas ratio because of the phase transition of
ISM, we should first model the time evolution of the dust-to-gas ratio in a galaxy. The basic
equations in chapter 3 are adopted for this purpose. We also need a model for the ISM phase
change. We apply the Ikeuchi-Tomita model (egs. [4.2] and [4.3]), which describes the time
evolution of the fractional masses of the three components in the ISM.

For the time evolution of the dust-to-gas ratio, we adopt the model in chapter 3. Equations

(3.31) and (3.32) become

TSF d(;v' = yi ’ (4.18)
dD;
TSPy = fini(RXi + ¥i) — [R ~ Bgrow(1 = fi) + Bsn]Di, (4.19)

where 7sp = Mg/ (timescale of gas consumption; e.g., Roberts 1963). The timescales above
are estimated in the case of typical spiral galaxies as 7sr ~ 1-10 Gyr (Kennicutt, Tamblyn,
& Congdon 1994).

The timescale of dust growth is shorter if a galaxy contains a large amount of the cold gas.
This can be seen from equation (3.34), which includes the dependence on X4, the fractional
mass of the cold component. This dependence indicates that the dust growth occurs most
efficiently in the cold and dense environment. Since X4 is changed temporally according

to the Ikeuchi-Tomita model, we define a constant By, as

ﬁérochold = Bgrow - (4.20)

The destruction timescale of the dust sy is kept constant for simplicity, since we would
like to concentrate on the time variation of the dust growth efficiency. The star formation
history should be taken into account in order to model the time dependence of 3sn. Moreover,

IThe shorter propagating timescale than the cooling timescale indicates that the system can be treated as
a one zone. That is, the phase transition of the interstellar gas occurs coherently over the whole galaxy.
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Table 4.3: Examined Models

Model No. A B CTSF type
oo 1.2 3.0 100 runaway
2. 0.4 3.0 - 100 stationary
gg ........ gg 3.0 100 limit-cycle
........ . 3.0 1000 limit-cycle
;iz ........ 0.3 0.5 100 limit-cycle
........ 0.3 0.5 1000 limit-cycle

the time variation of the SN rate also contributes to the time variation of the fractional
of the three ISM components. Because of such complexities in the time depend e of fon,
we simply treat fsn as constant. pendence of fx
The model by IT83 is used to calculate the time evolution of the filling factors of th
three ISM Phases. Their model was reviewed in §4.3.1. The result is used to calculat the
dust formzfmon efficiency, which is related to Xco1g as explained in the previous subse:tfon )
Following eguations (4.2) and (4.3), we calculate the time evolution of the fractional m '
As representative parameter sets of the limit-cycle orbit, we examine the case of (A B?Si
(0.3, 3.0) and' (A, B) = (0.3, 0.5) (denoted by Models 3 and 4 in Table 4.3 respecti’vel )—2
The cycle periods of the former case is about three times shorter than that c,)f the lattery .
In'Table 4.3, the adopted parameters are summarized. The column “type” . h
behavior of the solutions and named “runaway,” “stationary” and “limit-c cﬁ)” fi mtehaLnS sor
!l], [2] and [3] in §4.3.1, respectively. We note that all the parameter sets a‘r}:o @ examined
in IT83 (their Figures 1 and 3). e are examined
Since we are interested in a timescale much shorter than 7gp, which is also interpreted
as mc?tal-production timescale through equation (4.18), we treaé X; as constant. rp’;‘.fle
equation (4.19) is solved for oxygen abundance (i = O, because we aéopted the (I)l y >
tracer element in the previous work, Hirashita 1999b: see also Lisenfeld & Ferrarﬁgzré)?s )

dDg
CoTSF~3.— = fin,0(RX0 + Y0) — [R — Bgrow(1 — fo) + fsn] Do, (4.21)

whex:e we express the time in a nondimensional manner by using 7 = c.t. Wi h

relation fo = Do/Xo. We fix the parameters as s = 3 x 10? yr (e.g *I{enn'e I;Ct)tetta.le
1994), fm,o.z 0.05 (Hirashita 1999b), R = 0.32, Yo = 7.2 x 1072 (chai)t.e’ar 3) ﬁl’c ) f 10(i
(corresponding t0 Tgrow = 7sr/100 = 3 x 107 yr), Bsn = 10 (Hirashita 19,993r ovlv))— d
Xo = 0.01.3 (t.he solar system abundance). The dependence on these parameters ;,b o an

described in Lisenfeld & Ferrara (1998) and Hirashita (1999a, b) except for ¢, and T OveTall;e
parameter ¢, scales the phase transition timescale, and we examine the cases*of Ca T SF:— 108
and 1000.(Tab1'e 4.3: ¢! = 3x105-3 x 107 yr; IT83). We note that ¢, appears in t*h:Ffo:m f
the nonfllmensmnal parameter c,7sr. We examine only the case of c,7sr = 100 in Mod lsol
and 2, since the qualitative behavior of the dust-to-gas ratio is the same, irrespective oi? Wiﬁch

value of ¢, 7sr is adopted. Finall . .
(3.36). P inally, the total dust-to-gas ratio D is calculated from equation

2
Two cases for each model are examined for different values of c. (Models 3a, 3b, 4a, and 4b)
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We solve the basic equations for the parameters listed in Table 4.3. The initial condition
for the filling factors are set according to IT83: (Xcold, Xhot) = (0.0, 0.1) except for the
Model 4 and (Xcolds Xnot) = (0.0, 0.7) for Model 4. The initial dust-to-gas ratio is set as
D = 6 x 1073 (Galactic value; §2.2.4) for all the models. Models 3 and 4 are examined for
two different values of ¢, listed in Table 4.3. Fixing 7sr = 109 yr, c.7sr = 100 and 1000 mean
c. = 10~7 yr~! and 1076 yr™', respectively.

4.6.2 Results

The result of Model 1 is displayed in Figure 4.3. Because the cold gas disappears, the dust
growth becomes ineffective. Then the dust-to-gas ratio converge to ~ 1.2 x 107 in the dust
destruction timescale (~ 3x 108 yr, i.e., 10 in units of ¢71). The final value for the dust-to-gas
ratio is determined by the equilibrium between the supply rate from stars and the destruction
rate by SNe as shown later in equation (4.23).

Model 1 represents the efficient sweeping of warm gas in comparison with the radiative
cooling of the hot gas. Thus, the swept gas is first converted into the cold component and then
into hot gas (IT83). If the hot gas escapes out of the galaxy owing to its large thermal energy,
this model corresponds to the galactic wind model of elliptical galaxies (I'T83; Arimoto &

Yoshii 1987).
The final value of the dust-to-gas ratio in Model 1 is calculated by considering a stationary

state, dDo/dt = 0, in equation (4.21):

é)g(ro?w@zo + (R — Bgrow + Bsn)Do — fin,o(fRXo +Y0)=0. (4.22)
Because of the constant dust injection from stars at the rate of fin,0(RXo + Yo), the dust-
to-gas ratio is not exactly 0 even after a long time. Since Xcold = 0, we have Bgrow = 0. Thus,

the solution of equation(4.22) is

Cfin O(:RXO +HO) _ -4
e = L2 1074, (4.23)

for the adopted parameters C =22, Xo =0.013, fino = 0.05, R = 0.32, Yo = 7.2 X 1073,
and By = 10. This indeed matches the final value of the dust-to-gas ratio in Model 1.
Next, the result of Model 2 is presented in Figure 4.4. As shown in IT83, the solution
for Xeola Teduces to a stable point (1 - A)/(AB+1) =027 (i.e., Bgrow = 27). The stable
stationary state is realized at a finite dust-to-gas ratio, which is determined so that the dust
formation rate is balanced with the dust destruction rate. The value is calculated from
equation (4.21). Putting the adopted parameters, the positive solution is D = CDo = 0.018,
which matches the stationary value in Figure 4.4. Analytically, the value is expressed as

D=CDo =

,Bgrow

since BgrowDo > fin,0(RXo + Yo). This condition means that in dust mass increase the
growth in clouds is more effective than the supply from stars.

Finally, the limit-cycle case is examined in Figures 4.5 and 4.6. The four sets of parameters
listed in Table 4.3 are examined (Models 3a, 3b, 4a, and 4b). The resulting time evolution of
the cold component of ISM and the dust-to-gas ratio is presented in Figures 4.5 and 4.6. As
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Figure 4.3: Upper panel: the time evolution of the the cold-gas mass filling factor (Xco1d) ‘ Figure 4.4: The same as Fig. 4.3, but for Model 2. The initial concgtgn(; is (()l(coli, X_hozl)oa
for Model 1. The initial condition is (Xeoid) Xhot) = (0.0, 0.1). The adopted values of (0.0, 0.1). The adopted values of the pararp{neters are A = 04, B = 3.0, and G7sF = .
the parameters are A = 1.2, B = 3.0, and c,7sp = 100. The timestep is normalized by The timestep is normalized by 1 ~38x107 yr.

¢! ~ 3 x 107 yr. Lower panel: the time evolution of the dust-to-gas ratio (D). |
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expected, the dust-to-gas ratio oscillates in response to the fractional mass variation of the
cold component, though the amplitude of the variation largely depends on the parameters.
Comparing Figures 4.5 and 4.6,3 we see that the amplitude becomes larger if the period of
the oscillation is longer. This is because the dust has enough time to grow if the period
is long. Also from the comparison between the two lines in each figure, we find that the
smaller ¢, makes the amplitude larger. Since small ¢, means that a timestep of the phase
transition model (egs. [4.2] and [4.3]) is long in the real time unit (7 = 1 corresponds to
t = c;!), the dust has enough time to grow in the case of smaller ¢.. The timescale of the
dust growth relative to that of the phase transition determines the amplitude. This point is :
again discussed in the next section. - l

‘l 1.0f
| 0.8f
l 5 0.6
- A < 04f
|
o ! 0.2F
< | 0.0 . : -
o 50 100 150 200 250
: T
0.030¢ j )
' 0.025
0.020
o | | | | i & 0.015[ |
0.025¢ ‘ | 15
: 0.010f ;
0.020f
5 | 0.005
§ 0.015 . ~ A o000l | | | j
0.010§ ¢ , 0 50 100 150 200 250
o ! T
0.005} |
0.000¢t . . . . ‘
0 o0 100 150 200 250 | . :
T Figure 4.6: Same as Fig. 4.3, but for Model 4. The solid and dotted lines represents Models

4a and 4b, respectively. The initial condition is (Xcolds Xnot) = (0.0, 0.7).

Figure 4.5: Same as Fig. 4.3, but for Model 3. The solid and dotted lines represents Models
3a and 3b, respectively. The initial condition is (Xco1d, Xhot) = (0.0, 0.1).

3Models 3a and 4a (or Models 3b and 4b) should be compared.
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4.7 Discussions

4.7.1 Timescales

In the.runaway and stationary solutions (Models 1 and 2), the dust-to-gas ratio is settled into
a stationary va1118e determined by equation (4.22) after the dust formation and destruction
timescales (~ 10 yr) .In the limit-cycle type solutions (Models 3 and 4), the amplitude of
thle; dui.t-to-gasdoscxllatlon largely depends on the timescale of the phase tramsition. In this
subsection, we discuss th - iti i i i
subsec , iscuss the phase-transition and dust-formation timescales in the limit-cycle

Frgn the.solutio_n of the model equations (Figs. 4.5 and 4.6), we find that the dust-to-
gas rfxt]o oscillates in response to the filling factor of the cold component. However, the
amplitude of the oscillation is highly dependent on the values of the parameters A, B , and

- 13 - ,

Cs. In other. \yords, the amp%ltude is determined by the relation between the timescale c;f the
phase trax.lsmon (qr the period of the oscillation) and that of the dust growth timescale. In
the following, we discuss the relation between the the period of the phase transition (denc;ted
by i) and the dust growth timescale (Tgrow).

In order for the dust to grow, the dust must have en i

: , ough time for th i

Tgrow < Ttr- Lhis condition is equivalent to ® © growth Le,

Tgrow
X, ST (4.25)

which reads the following inequality by using ﬂémw:

Tir 1

TSF ﬁérochold ’ (4'26)

Pu"cting ﬂé,ow = 100 and X014 = 0.5, we obtain 7¢;/7sr > 1/50 for the enough dust growth
which realizes the large amplitude of the time variation of the dust-to-gas ratio. This means’
that Fhe timescale of the phase transition should be larger than several x 167 yr for the
s?.xfﬁaent dust growth, since 7sp ~ 3 Gyr (Kennicutt et al. 1994). Here, we note that the
timestep in Figures 3 and 4 is ¢! in the physical unit and that ¢c™! = 3 x,106—3 x 107 yr. In
the longer unit (¢! = 3 x 107 yr; corresponding to Figures 3a and 4a), the amplitude Z;.the
dust-to—gas.-ratio oscillation is large. On the contrary, in the shorter unit (¢! = 3 x 106 yr;
corresponding to Figures 3b and 4b), the amplitude is much smaller because the timeste Yf;
shorter and thus the condition (4.26) is difficult to be satisfied. Moreover, comparing Fi .
3a and t%a, we see that the amplitude is larger if the period is longer. ’ s
In Figure 4.6, the maximum of the dust-to-gas ratio is larger than the minimum by an
order.of magnitude. Thus, the dust-to-gas ratio in spiral galaxies can show an orde)r,—of-
magn}tude oscillation. We should note that the parameter range is reasonable for the spiral
galaxies (Ikeuchi 1988). Thus, we have confirmed the interpretation of the scatter in the
dust-to-gas ratio by Hirashita (2000b), who interpreted the scatter in the dust-to-gas ratio of
the nearby spiral sample as the short-term (~ 107-108-yr) variation of the dust-to- ti
with the maximum-to-minimum ratio of more than 4. i

4.7.2 Effect of Chemical Evolution

_In the discussions above, the metallicity was fixed because the timescale of the phase transition
is much shorter than that of the chemical enrichment. However, the time range shown in
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Figures 4.3-4.6 (250 timesteps) corresponds to 7.5 Gyr when the c.7sf = 100 is adopted.

Thus, we need to examine the effect of the chemical evolution here.
To include the effect of chemical evolution, we solve equation (4.18) to examine the time
variation of metallicity. If 7o is fixed for simplicity, the solution of equation (4.18) becomes

do (4.27)
CxTSF

ant rate of metal enrichment to examine a effect of

In other words, we simply assume a const
ations in §2.3 for the time-variable Xo

the chemical evolution qualitatively. We solve basic equ
described by equation (4.27). As a representative case, we adopt the parameter set identical

to Model 4a in Table 4.3, since the oscillation behavior of the dust-to-gas ratio is the most
prominent (Figure 4.6). The result is shown in Figure 4.7. We see that the qualitative
behavior of the dust-to-gas ratio is the same as the results for constant metallicity, except for
the gradual increase of dust-to-gas ratio. This increase is due to the metal production, from

which dust is formed.

0.040 " T T

0.030F

Ty

§ 0.020¢

0.010¢}

0.000

to-gas ratio. The model parameters are same as Model

Figure 4.7: Time evolution of the dust-
al enrichment is included. A constant rate of metal

4a, but the effect of the steady chemic
enrichment is assumed.

Thus, two behaviors of the temporal variation is coupled: One is the gradual increase of
the dust-to-gas ratio on the timescale of chemical enrichment, and the other is the short-term
variation of the dust-to-gas ratio owing to the ISM phase changes.

We also show the relation between the dust-to-gas ratio and oxygen abundance. This
is the same type of plot as Figures 3.1a-c. The same data is adopted. The scatter of the
dust-to-gas ratio for the spiral sample (squares) are reproduced with the oscillatory behavior.
This implies that the scatter of the dust-to-gas ratio in spiral sample is due to the phase
change of gas.

We note that the effect of chemical evolution is of significant importance if 7sr(~ timescale
of the chemical enrichment) is short. Especially for starburst galaxies, 7sf ~ 108 yr, which is
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Figure 4.8: Relation between dust-to-gas ratio and oxygen abundance for the same model as
Fig. 4.7. The same data as Figs. 3.1a-c are adopted.

comparable to 7. In this case, the metal enrichment also proceeds from the starburst in 7gF,
and thus the assumption of the constant metallicity is never satisfied. The same discussion
may also be applied to the initial burst in the formation epoch of galaxies, when 7gF is nearly
the value of starburst galaxies (~ 108 yr; the dynamical time).

4.7.3 Observational Implications

We have shown that the dust-to-gas ratio varies on a timescale of the ISM phase transition (~
107-108 yr) in spiral galaxies. The amplitude of the variation can be an order of magnitude.
The result also suggests that the variation is partially responsible for the scatter in the FIR-
to-optical flux ratio of spiral sample in Tomita et al. (1996), since the dust content as well
as the stellar heating (dust temperature) is responsible for the FIR luminosity (e.g., Whittet
1992, p. 170).

We comment on the dust content in dwarf galaxies. Lisenfeld & Ferrara (1998) modeled
the time evolution of the dust amount in star-forming dwarf galaxies (dwarf irregular galaxies
and blue compact dwarf galaxies). Based on their model and considering the dust formation
in cold clouds (Dwek 1998), Hirashita (1999b) presented that the dust growth in dwarf
galaxies is negligible compared with the dust condensation from metal ejected by stars. This
is because the metallicity of dwarf galaxies is much smaller than that of spiral galaxies and
the collision between grains and metal atoms is not frequent enough for efficient growth of
the grains. Thus, the oscillation of dust-to-gas ratio through the variation of the dust growth
efficiency is difficult in dwarf galaxies. In this case the scatter of the dust-to-gas ratio of the
dwarf sample may be interpreted to reflect the various efficiency of the gas outflow (Lisenfeld
& Ferrara 1998). The wind may easily blow out of dwarf galaxies because of their shallow
gravitational potentials (Larson 1974; De Young & Heckman 1994), though the distribution
of dark matter largely affects the process of the outflow (Mac Low & Ferrara 1999; Ferrara

N
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2000). o o
¢ T\(;\}'(Sat(s)k{ould I)lote that the timescale of the phase transition in dwarf galaxies is expected

to be longer because of their longer cooling timescale. Sin(cje chL rréetz?;llilit; 7cﬁo)olitr;ge i: n:l};lel
i i i Raymond, Cox, mi ,

ant cooling mechanism for the hot gas ( : . he s
(xi:);zﬁicity of dwarf galaxies, typically ~ 1 /10 of the spiral galaxies, makes the coolmg‘tlm(;
longer by an order of magnitude (> 108 yr). Thus, once the hot component becomei c(ijommafn
t wait for the hot component to cool down lor
in a dwarf galaxy, the dwarf galaxy mus e e ot to | down o

i i h of dust grains is prevented. 1lhis as

more than 108 yr, during which the growt ' _

i th difficult. Indeed, the dust-to-
.sm in the previous paragraph makes the dust grow . . .

glazc?:ii)ssn;nu(liwarfpgalaades are known to be much smaller than those in spiral galaxies (e.g.,

Gondhalekar et al. 1986).
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Chapter 5

Infrared Emission and Chemical
Evolution

There are many aspects for the galaxy evolution. One of them is the star formation history
(SFH).! The SFH of a galaxy may reflect its dynamical evolution. This means that a theoret-
ical model for the dynamical evolution may be constrained by the SFH. From observational
viewpoint, it is relatively easy to trace the radiation from stars. Thus, revealing the SFH of
a galaxy is important both theoretically and observationally.

When we want to know the SFH of a galaxy during its lifetime, its color and metallicity
are important diagnostic quantities (e.g., Tinsley 1972). The evolution of the color and the
metallicity results from the superposition of the successive star formation during the lifetime
of the galaxies. Thus, if we try to reveal the evolution of the galaxies, we always need to
estimate star formation rate (SFR) on a galactic-wide scale. There are many methods to
estimate SFR of galaxies from observational quantities (Kennicutt 1998a). The present SFR
of galaxies is usually traced with the radiation of young massive stars. Since young massive
stars emit ionizing photons, the intensity of a hydrogen recombination line is often used
to estimate SFR. Kennicutt (1998b) derived a formula to estimate the SFR from the Ha
luminosity, Lyq, as

SFR _ -8 Ly,

We also use luminosities of ultraviolet (UV) continuum (Madau, Pozzetti, & Dickinson 1998),
nebular lines (e.g., [O 11]; Gallagher, Bushouse, & Hunter 1989), and so on for indicators of
SFR. Especially, [O m]A3727 A is a useful line for z < 0.4, where the Ha emission is out of
the optical bands.

In this chapter, we are especially interested in the conversion formula from infrared (IR)
emission originating from dust grains to their SFR. Since the absorption cross section of the
dust is strongly peaked in the UV, the IR emission from dust can be a sensitive tracer of the
young stellar population (chapter 2). Indeed, IR luminosity and Ha luminosity are correlated
(Lonsdale Persson & Helou 1987; cf. Savage & Thuan 1992). Kennicutt (1998b) estimated
SFR from IR luminosity in an extreme case where the bolometric luminosity is equal to the
IR luminosity. This is applicable to starburst galaxies (Soifer et al. 1987). Buat & Xu (1996)

1Star formation history is defined as the time evolution of star formation rate. Star formation rate is
defined as the gas mass converted into stars per unit time.
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adopted an empirical approach by utilizing the observed relation between the UV luminosity
and the IR luminosity.

Recently Inoue et al. (2000, hereafter IHK00) derived a theoretical conversion formula
from IR luminosity to the SFR by developing a model of dusty H 11 regions by Petrosian,
Silk, & Field (1972). We will examine how metallicity (or dust-to-gas ratio) affects the
conversion factor of IHK00. Fortunately, it is possible for us to perform this, since the effects

of the metallicity and the dust-to-gas ratio are well parameterized in their formula. Here, we
present it as

SFR 3.3 x10719(1 1) ( Lir )

1 Mgyr~! 04-02f+006e \1Lg (52)

where f is the fraction of ionizing photons absorbed by hydrogen, ¢ is the efficiency of dust
absorption for nonionizing photons, Ly is the observed luminosity of dust in the wavelength
range of 8-1000 pm, and 7 is the cirrus fraction of Lig. In equation (5.2), f and € depend on
the dust-to-gas ratio.? According to Hirashita (1999a, b), moreover, the dust-to-gas ratio is
expressed as a function of metallicity (chapter 3). Therefore, the relation between Lig and
SFR depends on metallicity via the two parameters, f and e. In this chapter, we examine
the importance of the metallicity in our conversion law quantitatively. As a conclusion, that
dependence is not always negligible when we compare SFRs of very young galaxies with those
of present galaxies. Another approach to the IR luminosity from the chemical evolution model
is described in Takagi et al. (1999), which is based on a spectral synthesis model.

5.1 SFR from IR luminosity

First of all, IHKO0OQ’s formula is explained. Their formula is useful for estimating the SFR of
various morphological types of galaxies.

5.1.1 IHKOO’s Formula

THKO00’s formula is derived from the model for the IR luminosity of an H 11 region. H 11 region
is known to be luminous in IR, which is interpreted as a reprocessed radiation of stellar light.
Petrosian et al. (1972) estimated the IR luminosity from dusty H 11 regions with a simple
analytic approximation. The analysis by IHKOQO is based on their result. They assumed
Case B (Baker & Menzel 1938),3 where the Lyman-series photons, emitted when an electron
jumps down to the ground level (n = 1), are completely reabsorbed with no reabsorption at
longer wavelengths. In this case, each Lyman photon emitted from a level with n > 3 will be
converted after reabsorptions and reemissions into photons of lower frequency and a Lyman
a (Lya) photon, which either escapes in the line wings or is absorbed by dust. Assuming
Case B, Petrosian et al. (1972) derived the following equation for the IR luminosity,

Ligr = L(Lya) + (1 - f) (hu)ionNu + €Lnonion ) (53)

where (hv)ion is the averaged energy of a ionizing photon, and Lir, L(Lya), and Lyopion are
luminosities of IR radiation from dust, Lya, and nonionizing photons, respectively. They

2 Although there might be dependence of (1 —n) on the dust-to-gas ratio, the ambiguity of the dependence
is significantly large. We focus our attention on f and e. The cirrus fraction is examined in §5.2.2.
3In Case A, all photons in the Lyman series are assumed to escape with no reabsorption.
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assumed that all Lyman o« (Lya) photons produced by hydrogen reCOfnbination process in
an H 11 region are absorbed by dust within this region and thex.l ref'zmltted as IR radiation
(§5.1.5). This is reflected in the first term of the right-hand 53de in equation (53) Thé
second term represents the energy of ionizing photons absorl?efi d1rec§ly.by dust within the

11 region. Then, the last term denotes the energy of noniomz.mg ra.dlatlc?n absorbed by dust
in or nearby an ionized region, especially, in clouds surroundlr}g th1§ region. ‘

We now consider the luminosity of the Lyman-a emission line within H II regions. Unc-ler
Case B approximation, every ionizing photon will eventually .form one hydro.gen atom with
the n = 2 level. In this process, about two-thirds of recombinlng electrons. will reach tl?e'2p
state and go down to 1s, emitting a Lyman-a photon. The remaifung one-.thlrd c{f recombining
electrons will reach the 2s state, and two continuum photons will be emitted simultaneously
within 1 second because the transition from the 2s to the 1s is forbidden for any one pl_xoton
process (e.g., Spitzer 1978). Thus, L(Lya) in terms of S is 0.67hvLya fS, where vyq is the

e Lyman-a emission.
freq’lll‘ir;c{u&:;ifxlz)sityy?f jonizing photons from central sources, .Lion, is written. as.(hu)iouS.
When we set hvpya=10.2 eV and (hv)ion ~ 15 €V, the luminosity of Lyman-a is given by

L(Lya) = 0.67 WLy fLion = 0.45f Lion- (5.4)
<hu>ion

Therefore, equation (5.3) is reduced to
LIR(S - IOOO;HII) = (1 - 0-55f)Llon + eLnonion, (5-5)

where e = 1 — e 7 is an averaged dust-absorption-efficiency of nonionizing photons from
central sources in H 11 regions. o .

They further used an analytical fitting formula for the stellar mass—luminosity relatlox? a:nd
Salpeter’s initial mass function (IMF) with the stellar mass range of 0.1-100 M), d‘erwmg
the relation between Lion and Lnonion- Then, they derived the stellar mass respon§1ble for
the luminosity. Dividing the stellar mass with a typical timescale, they finally derived the

resented in equation (5.1). .
forr%zlrat?xz II)R 1umjnositye,qthe lum(inosity in the range sensitive to JRAS (40—.120 pum) is often
used (we denote this luminosity as Liras)- Accordir}g to THKO0O, the relation between Lig
(defined as the luminosity in 8-1000 pm) and Liras is Lir = 1.4L1RAs-

Now it will be convenient to define the factor CIr as

SFR = ClrLir , (5.6)

3.3x 107191 —17) 1 -1
M, LzY. (5.7)
04-037 +06c Mo ol

CIR =

THKO00 commented that if the IMF of Scalo (1986) is adopted, Cir becomes 0.? times as large
as the Salpeter case. If 60 M, is adopted for the upper mass cutoff for sta:rs with the Salpeter
IMF, Cir becomes 1.4 times larger. Thus, they concluded that the choice of an IMF cause
i factor of 2 to CIr.

unc:hr’taaggxsof)r? the dependence of Cir on metallicity. The dependence of Cir on' dust-to-gas
ratio is included through f and € as will be described in §§5.1.2 and 5.1.3. We will chef:k our
model observationally in §5.1.7. Then, using the relation between the dust-to-gas ratio and
the metallicity, we will obtain the metallicity dependence of Cir.
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5.1.2 Dependence of f on dust-to-gas ratio

The dependence of f (eq. [5.7]) on dust-to-gas ratio is obtained from Spitzer (1978, hereafter
S78). We define 73,4 and 75 g as the optical depths of the dust and of the neut’ral hydro-
gen”atoms, respectively, for the Lyman-continuum photons over a path length equal to the
Strémgren radius rg (see S78 or eq. [5.10] for the definition of rg). Since the radius of
dust-free H 11 region is estimated to be Ts, it is very useful to normalize the length scale b

7s. To define a “radius,” the H 11 region should be well described by a spherically symmetriz:,
geometry. A number of authors (e.g., Rowan-Robinson 1980) studied the IR properties of
samples of H II regions and concluded that they could be modeled adequately by sphericall

symmetric dust clouds surrounding young massive stars. Y

First, we calculate 75 4/ 78, for an H 11 region. Here, both 7 i

j;vith the optical thickness at the Lyman limigt (912 A). Assumsi;ldgatx;li: Séﬁ{eaéis?—)tp:;fsmrzt;g
in the H 11 region is the same as that in the averaged value in the interstellar space, we obtain

7Sd _ TSd _ 12 Ep_vy
7S,H nysrsg - NHS ’ (5'8)

where .the d}lSt 'extinction at 912 A, Ag1o, is taken to be 13Ep_v mag according to the
Galactic extl_nl%txon2property (Fig. 2.2), and 75 4 = Ag12/(2.5logyg€). Moreover, ng and
: = fiil3(:i x107"% cm? denote the number density of the hydrogen and the absorption coefficient
or a hydrogen atom in the n = 1 level (eq. [5.6] of S78), respectivel i
N 15 et o the [5.6] ), respectively, and the column density
If we assume that .the physical properties of grains such as extinction curve are unchanged
Ep_vy /Ny is proportional to the dust-to-gas mass ratio D. According to S78, D = 6 x 10'3:
when Ny/Ep_y = 5.9 x 102 mag=! cm=2 (§§7.2 and 7.3 of S78). Thus, equation (5.8)
reduces to ’ '

7S,d _ 1 D
7s,H 3100 \ 6 x 10_3) ) (5.9)

}‘)his is the same as equation (5.23) in S78 but the explicit expression of the dependence on

Next, we calculate 7s,H = nuSrs. The Stromgren radius is estimated by

_ 471' 3 2
Ny = ?rsnenpa( ), (5.10)

w-her(? ne and np are the number densities of electrons and protons, and a(® is the recom-
b;)r;a?mn coefficient to the n = 2 level. If we assume that the hydrogen is fully ionized, we
obtain ’

N, 1/3 n —-2/3
=14 (v ___"H
s (1048 s—1> (102 cm“3) Pe; (5.11)

wherr? N,y rep.resents the number of jonizing photons emitted from central stars per second
II}2§;hlS equatlon,_rge have assumed that the temperature of the H 1 region is 8000 K (i.e.'
al® = 3.09 x 1071% cm® s71; see eq. [5.14] of S78). Using the estimation of the Strémgrer;
radius above, we obtain

_ s(_nmg \3/ N, \¥3
TS,H 2.7x10 (W) (m) N (5.12)

N
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Combining this with equation (5.9), 75 4 is estimated as

D - 1/3 N 1/3
75,4 = 0.87 (6 » 10_3) (102 cm-g) (1048 us-l) : (5.13)

We note that 75 ¢ becomes large as N, increases. This is because the large N, means the
large size of the H 11 region. As the size of an H 11 region becomes larger, the probability that
the dust grains absorb the photons inside the H 11 region increases. Thus, we can believe the
dependence of 75 4 on N, in equation (5.13) to be reasonable.

Next, we estimate the fraction of the ionizing photons absorbed by dust grains. Because
of the grain absorption, the size of an H II is smaller than rs. The radius of the ionizing

region, 7y, is expressed as

o nungal®, 510

where f is the same as that in equation (5.2). If we define y; = r;/rs, we obtain from equations
(5.10) and (5.14)

fNy=

f= yi'i . (5.15)

A useful relation between 75 4 and y; was given in Table 5.4 of S78, where y; is estimated
from the following expression (eq. [5.29] of 578):

®
3/ yle¥sddy =1. (5.16)
0

In Figure 5.1a, we show f as a function of 75 4.

We often need a value of f for 75,4 ~ 1. This optical depth corresponds to the “surface”
of an H 1I region observed at the Lyman limit. From Figure 5.1a, we estimate f ~ 0.5
at 754 ~ 1. If we want to estimate the dust absorption on the scattered surface of the
star-forming region, thus, we may use f ~ 0.5 as being a reasonable rough estimation.

When we consider the dependence of f on the dust-to-gas ratio, a large ambiguity exists:
The number of ionizing photons per H II region is unknown, since the typical number and
mass function of OB stars in an H 11 region is difficult to determine exactly. Fortunately, for
the purpose of finding the dependence on D, this is resolved by calibrating the “Galactic” f
with the value of Orion Nebula. According to Petrosian et al. 1972, f = 0.26 for the Nebula.
They also commented that the value explains the IR emission from the H 11 region. Adopting
f = 0.26 as the typical value of the Galaxy, we obtain 75 4 = 2.7 for the typical Galactic H
11 regions (we consider D ~ 6 x 10~3 for such regions) from Figure 5.1a. Hence we write

D
78,d = 2.7 (W) . (517)

This is consistent with equation (5.13) if we assume ny = 10? cm™3 and N, ~ 3.0 x 104% s™1.
Thus, the net effects of mass function and number of OB stars are included in equation
(5.17). For readers’ convenience, we list the number of ionizing photons from stars with
various spectral types in Table 5.1. Our simple treatment is convenient for our motivation to
find the dependence of Cig on D. Combining equation (5.17) with equation (5.16), we obtain
f as a function of D as shown in Figure 5.1b.
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Table 5.1: Number of ionizing photons emitted from OB stars per unit time

Spectral Tesr N,
Type (K 1048 us“1
05..... 47,000 51
06..... 42,000 17
or..... 38,500 7.2
08..... 36,500 3.9
09..... 34,500 2.1
BO..... 30,900 0.43
Bi..... 22,600 0.0033

NOTE.—Data is from Table 5.3 of Spitzer (1978). T.g is the effective temperature of each star.
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Figure 5.' 1: (a) Fraction of the ionizing photons absorbed by hydrogen, f, as a function of
7s,d (optical depth of dust for the nonionizing photons over a distance equal to the Stromgren
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5.1.3 Dependence of € on dust-to-gas ratio

In THKOO, € (eq. [5.7]) is defined by
€ = ] — e Tnonion , (518)

where Tponjon iS the mean optical depth of dust for nonionizing photons. That is, € repre-
sents the efficiency of the dust absorption of nonionizing photons. IHK0O0 estimated ¢ = 0.9
(Tnonion = 2.3) from the averaged visual extinction of Usui, Saitd, & Tomita (1998)’s sample
(Ay ~ 1 mag) and the Galactic extinction curve between 1000 A and 4000 A by Savage &
Mathis (1979). This wavelength range is fit for our purpose, since most of the nonionizing
photons from OB stars are emitted in the wavelength well shorter than 4000 A.

It is obvious that Tponion depends on the dust-to-gas ratio. If the column density of gas
contributing to the absorption of nonionizing photons is fixed, Thonion iS proportional to the
dust-to-gas ratio. Since we are interested in the dependence of Cir on D, we simply adopt
the relation Tyonion ¢ D. Here, we determine the numerical value of Thonion 88

D
Tnonion — 23 (W) y (519)

so that Tyonion becomes 2.3 for the Galactic dust-to-gas ratio. By combining equations (5.2)
and (5.19), we obtain € as a function of D as shown in Figure 5.2.
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Figure 5.2: Fraction of the nonionizing photons absorbed by dust, €, as a function of the
dust-to-gas ratio, D.

5.1.4 Cirrus Fraction

The fraction of the cirrus component, 7, remains to be determined. In this chapter, an
empirical value of 7 is simply adopted. According to Lonsdale Persson & Helou (1987),
n ~ 0.5-0.7 for their sample spiral galaxies. We use 7 = 0.5 as adopted in THKO0O (the
averaged value for Usui et al. 1998’s sample) in the current estimate for our SFR or Cig.
We need to find the variation of the cirrus fraction by the change of D. However, it is very
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difficult for us to determine it reasonably. Hence, as only a first step, we adopt a constant 7).
This means that a universal i for any galaxy is assumed. Unfortunately, this assumption of
n = 0.5 breaks if we are interested in the starburst galaxies. When we examine the sample
of starburst galaxies, indeed, it is reasonable to assume 7 ~ 0. This is because young stars
dominate the radiation field that heats the dust (Soifer, Houck, & Neugebauer 1987a). Here,
we only comment that ambiguity of a factor of ~ 2 on SFR exists owing to the assumption

of n = 0.5. However, we will examine some simple cases for varying 7 as a function of D in
§5.2.2.

5.1.5 Absorption of Lyman-a photons by dust

Here, we should note the treatment of Lya photons. Since IHK0Q’s derivation of equation
(5.2) is based on Case B, Lya photons are assumed to be easily trapped in an H 11 region.
Thus, during the resonant scatterings in an H II region, all the Lya photons are assumed to
be absorbed by grains here as in THK00.

In fact, the Lya photons escape with the probability of the order of ~ 1/114 (Osterbrock
1989; Emerson 1996), where 114 is the optical depth of the Lya photons. This means that the
number of scatter of Lya photons before the escape is ~ 7.4. According to S78, T, ~ 10%
for a typical H 1I region. Hence, the dust grains absorb the Lya photons in an H 11 region
with a high probability.

If the dust-to-gas ratio is significantly smaller than the Galactic value, the dust grains may
not efficiently absorb the Lya photons in H 11 regions. However, in realistic situations, an H 1
envelope on a galactic scale generally exists around H 11 regions. When a Lya photon escapes
from an H 1I region, it will be absorbed very soon by the neutral hydrogens surrounding
the ionized region. This is because efficient resonant scattering is also expected in the H 1
envelope. Hence, even if there are only small amount of dusts, we can expect a sufficient
chance for dusts to absorb the Lya photons before they escape from the H 1 envelope. In
the considerations hereafter, we assume that Lig include both the components from the H 11
regions and the H I envelope. We check this point below by assuming that the scattering is
a random-walk process of a Lya photon (Adams 1972).

First of all, we define a path length of the Lya photons, lpath. It is estimated as being
lpath ~ TgyalLya where Ty, means the optical depth for Lya photons and Iy, is the mean
free path of the Lya photons. The square to 71y, means that the resonant scattering is
assumed to be a random-walk process of photons. Next, we define an optical depth of dust
grains for Lya photons. It is 7qyst ~ waQIpathndust where a is a size of the dusts and ngyst is
a number density of them. Here, we will discuss whether the Lya photons have a chance to
escape from galaxies. We are interested in a star-forming region surrounded by the H I gas
envelope. The scale length of the H 1 envelope, L, may be estimated to be about 100 pc, which
corresponds to the thickness of the disk of spiral galaxies. In such case, 71y, is estimated to
be about L/lLyq. Then, we find Taust ~ Ta*ndust L?/lLye. Using D, it is expressed as

ma’ngDL*m,

Tdust ™~ ]
Lya™dust

(5.20)

where my, is proton mass and mgyst is dust mass for an assumed spherical dust with mass
density of 3 g cm™3. Adopting ny = 0.1 cm™3 for a diffuse H 1 medium, a = 0.1 ym,
D = 6x1075, L = 100 pc, and the resonant-scattering cross section of Lyo photons 2 x 1013

em?, we find 7Tqust ~ 5 % 102, Thus, Ty is much larger than unity. This means that most
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ven if the dust-to-gas ratio is as small as 0.01 times the

of the Lya photons are absorbed e 0! s the
i i an safely assume that almost all the Lyc: photons canr
Galactic value. As a conclusion, we ¢ y e e e aton forming

escape from the parent star-forming galaxies, although they may es

regions.

5.1.6 Dependence of Cr on dust-to-gas ratio

In the above subsections, we have expressed f and e as functions of the dust-to-gas ratio (D),

ed as a constant. We also assume a typical star-forming region whose mean

while 7 is treat Iming oo B o1
i i te of jonizing photons are about 10° cm™ and J. ,
density of g1 4 B e ; ation (5.7) as a function of the dust-to-

tively. Then, we can express CIr defined in equ of
;pr:til(\), %,n Figure 5.3, we present Cir as a function of D, where we adopt 1 = 0.5 (§5.1.4).

From this figure, we find that the coefficient of the conversion from IR 1ighf 1too SFR b_elc%m_el;s
about 4 times smaller for D ~ 6 X 103 (the Galactic value; Cir = 1.8 X 10_10 Mg yr_l k 3)
than that for D ~ 6 x 1075 (0.01 times the Galactic value; Cir = 7.5 x 107'° Mg yr™ Lg')-

Crx10™ (Mo yr™* Lo™)
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Figure 5.3: Cir (conversion coefficient from the dust luminosity to the star formation rate)

as s function of the dust-to-gas ratio, D.

i i i tinction curve. In the previous discussions,
Cin is also changed if we adopt a different ex :
we h:;ze adopted the extinction curve of the Galaxy. The current: pa.?'agraph exafm;ln&ss hc;v;rl
the relation between Cir and D changes when we adopt the extl.nctx(.)n curve of t ﬁ m y
Magellanic Cloud (SMC) with the other quantities being adopted in this ctzgpst;sli) unc axslgtiv (;
incti i ical depth in equation (5.8) become:
SMC-type extinction law, the ratio of the optic ' on (
i?nfrse larger ybicause the UV extinction is enhanced in the SMC extinction (for the SMC

extinction curve, see Fig. 3.9 of Whittet 1992). This indicates that the same estimation

performed in §5.1 is possible if we make the normalization of D half (i.e., the normalization

with 6 x 10~3 is changed to 3 x 1073). Thus, we can find a rough depend;ar;:ebofo f3 (();;x?
from Figure 5.1b by doubling D (i.e., the line in Figure 5.1b is moved to tlllle SeMCy t._mctim;
Since D of SMC is about 5 x 1074 (Issa et al. 1990), we find f = 0.75 for the : e)tche ction
case, while f =~ 0.85 if we adopt the extinction law of the Galaxy. We can apply
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scaling to e. For D ~ 5 x 10~4, ¢ ~ 0.34 for incti

: For , €~ 0. the SMC extinction ile € ~
Galactic extllnctlion case. As a result, at D ~ 5 x 1074, Clg ~ 3.6035(;’0Yilélj\; — O"llst(3r1 tfhe
the iMC extinction, while Cig =~ 5.0 x 10710 A/ yr~1 Lg! for the Galactic exgn};ion %h o
we should be aware of the effect of extinction law on our conversion formula, but the éffectu ]SS,

small (a factor of 1.4). If we remember that i

. the uncertaint i i
? (e-g., IHKO00), we find that the dependence of Cig ) the oxtinction o i factor of
x‘mercar.xt. We note that we can estimate Cig for t
line in Fig. 5.3 to the left by 0.3 dex (a factor of 2).

on the the extinction curve is not very
he SMC-type extinction by moving the

5.1.7 Observational check

;{ci‘e(,) ;vg exgmiie whe‘ther t}{e values. of f and € that we adopted for the Galactic valye (i.e
be;we.e A :}?e .(e) = 09) IT consxitent with the properties of H 11 regions. We examine the ra.ti.c;
lomzing-photon luminosity and the IR luminos; i i i
examined in 1970s (e.g., Harper & Lowy1971). oty This ratio was extensively
We start with equation (5.3). By adopting Salpeter’s IMF and a mass-luminosity relation

of stars, THK0O derived L ion = 1.5 i i
the TR exomms (1 nonion (hV)ionNy. Then, according to Mezger ( 1978), we define

Lir
IRE = —at(1— {Av)ion
Ftyaf N, (1 -7+ 1.5¢) hiyaf (5.21)

where 11, is the frequency of the Lya radiation, and ¢ is the Lya photons that reach the

2p state and go down to 1s (i.e., L(L =
; €, L{Lya) = ahvryofNy).4 According to S ~
Figure 5.4, we express the IRE as a function of the dus‘tl-to-gas ratio % o ¢ =067 In
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Figure 5.4: IRE (infrared excess) as a function of the dust-to-gas ratio, D.

4
The other photons decay to the ground state with a two-photon process.
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Adopting f = 0.26 and ¢ = 0.9 for the Galactic values (§§5.1.2 and 5.1.3), we obtain
IRE = 11, where we have assumed that (hv)ie, is equal to hv at the Lyman limit (912 A).
According to Harper & Low 1971), 5 < IRE < 10 (see also Aannestad 1978; Mezger 1978;
Maihara et al. 1981) for Galactic H 11 regions. Figure 7.3 in S78 showed that the IR luminosity
of H 11 region is larger than predicted from Lya luminosity by an order of magnitude (i.e.,
IRE ~ 10). Thus, f and € that we adopt in this chapter is consistent with the properties of
the Galactic H 11 regions within the scatter of observed IRE.

Another test of our model is possible if we use the data of H 1I regions in the Large
Magellanic Cloud (LMC; DeGioia-Eastwood 1992). Table 3 of DeGioia-Eastwood (1992)
indicates systematically lower IREs for the LMC H 11 regions (IRE = 1-4; the median is
1.6) than for the Galactic ones. If the dust-to-gas ratio of 1/5 times the Galactic value is
adopted (e.g., Issa, MacLaren, & Wolfendale 1990), f ~ 0.7 and ¢ ~ 0.2. Then we obtain
IRE ~ 3 for the LMC. Although this lies in the range of the observed IRE, it is larger than
the median (1.6) by a factor of two. This may be due to the dust destruction by the intense
stellar radiation field in the LMC. In this case, the dust-to-gas ratio may be systematically
smaller in H 11 regions than the averaged value over the whole interstellar medium (ISM).
The extinction curve may also change according to environment (metallicity, stellar radiation
field, etc.). However, as stated in Misselt, Clayton, & Gordon (1999), the relation between
dust properties and environment is complicated.

Anyway, our formulation predicts the IRE of H 11 regions not only in the Galaxy but
also in the LMC correctly within a factor of two. Thus, we consider equation (5.17) and
(5.19) to be reasonable in spite of simplification in their derivation. Therefore, we discuss the
metallicity dependence of Cir and its effect on the cosmic SFH by using the relation between
Cir and D as shown in Figure 5.3 in the following sections. We note that Cig as a function
of D will give us an insight into the variation of Cir owing to chemical evolution.

5.2 Effect of Chemical Evolution

5.2.1 Metallicity Dependence of the Conversion Formula

In order to obtain the metallicity dependence of the conversion formula (eq. 5.2), which
depends on the dust-to-gas ratio as shown in the previous section, we must relate D and
metallicity. Here, we adopt the relation between them in chapter 3, where we constructed
a new evolution model of the dust amount in the galactic environment, insisting an impor-
tance that the dusts can grow via the accretion of the metal elements in the cool and neutral
components of ISM. Then, the relation between D and metallicity explains whole the ob-
servational relation for both the giant and dwarf galaxies. Here, we adopt the solid line in
Figure 3.1a as the relation between the dust-to-gas ratio and the metallicity, since the line
seems to reproduce the relation over the large metallicity range.

Once we accept the relation of the solid line in Figure 3.1a, we relate Cig and [O/H]
by using the relation between the dust-to-gas ratio and Cigr (Fig. 5.3). Here, we note that
[O/H] = z means that the abundance of oxygen is 10® times the solar value. The relation
between Cir and [O/H] is presented in Figure 5.5. We see that if [O/H] in the ISM evolves
from —2 to 0 via the chemical evolution, the coefficient of the conversion from IR light to SFR
becomes about 4 times smaller. Thus, when we would like to determine the SFR precisely
within a factor of 4, we should not neglect the effect of metallicity.

Let us recall that n = 0.5 is assumed. A galaxy is expected to experience a starburst
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phase'at the beginning of its evolution. In a starburst galaxy, 7 = 0.0 may be r bl

Especially ifl the beginning of the galaxy evolution, we can ex;)ect a s.tarbqut heasonTah "
the C(.)nversmn factor of Cir can be estimated as 1.7 x 10~9 at the initial stafbjf:t. 113%
galaxxes (f= 1' and € = 0 are assumed, since we treat the initial phase, when the meta‘lglr'a':
is almost _0). Smct? Cir with n = 0.5 is accepted for the moderate phas’e of star formatiolrfla}s’
Ilo(:nxf:t(al;lsil;itg;li;u;isosz :(l:s p;‘e;lsent epo}cih, l‘gle increment of Cig for starburst galaxies with

. Thus, we should never fi igui i i

of a constant 7). For this point to be resolved, we sl(l)crngx(lacti txill(;;;l tt);Lgemc;Zp‘;fdgrlxi:S jfuﬁptlon
on D. In our current knowledge, unfortunately, it seems difficult to construct a physit;l?))r

reasonable model. However, we try to exami : .
subsection. » we bty ine the change of 1 as a function of D in the next

5.2.2 Dependence of Cirrus Fraction on Metallicity

In the above, we have assumed that the cirrus fraction of the IR luminosi i

we exam'ine how Qm is affected owing to the change of 7. There is an;;z;lg?lgr;i?{t& ieret,
observa'f,lonal estimate of 1. But, theoretically, we consider some simple cases why 01111
change in 7 cannot be neglected in our conversion formula. e e

T?le assumption of n = 0.5 breaks if we are interested in starburst galaxies. Whe

examine a sample of starburst galaxies, indeed, it is reasonable to assume ~ 0 Tl?' i
because. young stars dominate the radiation field that heats the dust, and thz ; tic.:al d . tll?
of dust is so large that almost all of the bolometric luminosity is emit’ted in the II;i (Soifep t
al. 198.’@; K‘enmcu.tt 1998b). For the starburst galaxies, thus, the dependence of C; o: l;;se
metallicity is ol.)tamed by putting = 0 into equation (5.7), while the dependencelgf f and
€ on the metallicity is the same as described in §5.2. The result is shown in Fi 5.6 a\;lV
see that Cigr in this figure is larger by a factor of 2 than that in Figure 5.5. s s T
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Figure 5.6: Cr (conversion coefficient from the IR dust luminosity to the star formation rate)
as a function of the oxygen abundance, [O/H], for starburst galaxies. The cirrus fraction 7

is assumed to be 0.

Next, we consider a possible change in 7 of spiral galaxies as a function of metallicity.
The cirrus fraction of spiral galaxies is not negligible at the present epoch (n =~ 0.5 for
nearby spiral galaxies; Lonsdale Persson & Helou 1987). In the beginning of a spiral galaxy’s
evolution, when only a little metal is produced, n = 0.0 may be reasonable. Thus, the first
approximation for the dependence of 7 on the dust-to-gas ratio is

D

If we adopt this relation, we obtain Figure 5.7 as the relation between Cir and metallicity.
We note that our simple treatment as equation (5.22) is only applicable for [O/H] < 0,
because 7 > 1 does not make sense. This means that we need a nonlinear modeling of the
relation between 7 and D near the solar metallicity. We may need to consider a complex
mode of evolution of ISM, whose nonlinearity causes intermittent SFH (chapter 4; Kamaya &
Takeuchi 1997; Hirashita 2000b; Hirashita & Kamaya 2000; Takeuchi & Hirashita 2000). One
of the important quantities may be the volume filling factor of H II regions. Comparing CIr
at [O/H] ~ —2 with that at [O/H] ~ 0, we see that Cir changes by an order of magnitude as
the chemical enrichment proceeds. Thus, if we want to know the realistic cosmic evolution
of galaxies from Lir, the metallicity evolution of cirrus must also be examined.

5.2.3 Prospect to Synthetic Stellar Population Models

Spectrophotometric evolution of galaxies is usually modeled by using a population synthesis
of stars (e.g., Arimoto & Yoshii 1986; Kodama & Arimoto 1997), which is based on stellar
evolutionary track. The spectral synthesis technique, for the starlight alone, consists in
summing up the spectra of each stellar generation, provided by the single stellar population
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F]fme 5.7f:un CI]? (conversion coefficient from the IR dust luminosity to the star formation
ra e) as a function of the.oxygen abundance, [O/H], for spiral galaxies. The cirrus fraction
1s assumed to be proportional to the dust-to-gas ratio. !

£$SI;) of the appropriate age and metallicity, weighted by the SFR at the time of stars’
irth. IMF should be also determined to assume the stellar mass distribution in an SSP. If

we express the spectrum of an SSP whose age | i
ge is t as fy(t), we i
Fy(t) from the following equation: ho. ehiain a eynihetic spectrurn

t
Fi(t) = /0 $(t—7) fa(r) dr, (5.23)

:vh(tare déft) is. the SFR at ¢. Such a model is often useful in estimating the age of a stellar
Bys em from its color or specfcrum (e.g., Tinsley 1980; Guiderdoni & Rocca-Volmerange 1987;
. ruzual & Charlot 1993; Lelt.herer & Heckman 1995). The uncertainty in a synthetic modei
is Za;;se(:hby the dearth of reliable spectral libraries for cool and non-solar composition stars
and by the uncertain i -main-
oy properties of post-main-sequence stars (Charlot, Worthey, & Bressan
Several groups have extended the s i i
. : pectral synthesis modeling to far-IR (FIR
gy including the reproce:?*sing of stellar light by dust grains (Mazzei, Xu, <(§z Dg g:t‘:;?i%%t;
S;g)a; ne;l ;:éeigg(s)é) OTaIL)kagl, Arim;)lto, & )Vanseviéius 1999; Efstathiou, Rowan-Robinson &’
1 <UUU; Fopescu et al. 2000). The discussions in this chapter i
for more realistic but complicated situations by using such synthesis nlzodelI: A be examined

5.3 Comments on the Cosmic Star Formation History

One 'of the obserYational test for scenarios of structure formation in the universe is to de-
(tierm’me the cosmic SFH ’I.‘he cosmological evolution of SFR is derived from the comoving
ensity of galactic light (Lilly et al. 1996). For example, Madau et al. (1996) applied the

N

5.3. COMMENTS ON THE COSMIC STAR FORMATION HISTORY i

Table 5.2: Metallicity and Cir as functions of 2z

z log(Z/Zo) Cir
(Mo yr~* L3

0.0 0.00 1.7 x 10710
0.5 —-0.22 1.8 x 10710
1.0 ~0.48 2.4 x 10710
2.0 -1.02 5.2 x 10710
3.0 —-1.50 7.1 x 10710
40 —-1.79 7.6 x 10710
5.0 —1.88 7.8 x 10710

conversion formula from UV light to the SFR and showed that the SFR as a function of the
redshift 2 seems to have a peak at z ~ 1-2. The cosmic SFR as a function of z has been
revised and discussed in many papers (e.g., Steidel et al. 1999), and frequently called the
Madau plot at the moment.

The cosmic SFR at z ~ 3 has been investigated extensively. Meurer, Heckman, & Calzetti
(1999) estimated the UV luminosity density at z ~ 3, correcting for the dust absorption. On
the other hand, the cosmic SFR at z ~ 3 is also determined from the dust-emission at the
sub-millimeter (sub-mm) observational wavelength (Hughes et al. 1998; Barger et al. 1998).
The observations of the dust emission has an importance that the absorbed light by the
dust grains in the UV-visible range is “recovered” in the longer wavelength range. We can
convert the sub-mm light to the SFR by applying the formula proposed in IHK00. If we
take into account the chemical evolution of galaxies on a cosmological timescale (Pei & Fall
1995; Calzetti & Heckman 1999; Pei, Fall, & Hauser 1999), however, we must examine the
dependence of the conversion formula on metallicity as seen in the previous sections. We note
that this increment is introduced via f and € mainly.

According to such a motivation, we apply the results obtained in the previous sections,
especially Figure 5.5 and its related discussions, to the cosmic SFH. We focus on the evolution
of Cir along the metal enrichment history. As known very well, the conversion from metal-
licity to z is not uniquely determined. As a first step, however, we consider the evolution
of our conversion law along the metal enrichment with the aid of previous researches that
determined the metallicity as a function of z. We adopt Pei et al. (1999) as a recent modeling
of the cosmic chemical evolution.

Pei et al. (1999) modeled the cosmic SFH and chemical evolution and calculated the
evolution of dust amount. Considering the absorption and reprocessing of light by dust, they
determined the cosmic chemical evolution after the calibration with the Madau plot derived
mainly from the UV luminosity. The resultant metallicity evolution as a function of z is
shown in the second column of Table 5.2. Though their treatment of the evolution of the
dust-to-gas ratio is not just the same as our treatment, for readers’ qualitative understanding,
we present a relation between the metallicity and the redshift z from their Figure 8. The
consistent model, as stated in the previous paragraph, is needed if we translate exactly the
evolution of Cir along the metallicity to that along 2. Admitting that difficulty, however, we
can stress that our results are useful to find the evolution of Cig along the metallicity.

We also present Cir in third column of Table 5.2 calculated from the relation between
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metallicity and Cir as shown in Figure 5.5. Here we assume that log(Z/Zo) = [O/H]. Fr
Table 5.2, we see that the factor Cig is about 4 times larger at z ~ 3 thin that at. ~01(r)n
Thus, we should take care of the chemical evolution of the galaxies if we determine th coomic
SFH fror'n the dust emission within a factor of 4. Deriving the cosmic SFH from mjlfl??mlc
observatfon will be made possible by the future observational projects (e.g., A end'mn;
Takeuchi e't al. 1999). Our formulation in this chapter will be useful in the' c.c;nvgl)'ls)ion ;X -
the comoving luminosity density in the IR-sub-mm range to the comoving densit fm}:n
SFR,.resolving the metallicity evolution of the SFR conversion law. B ARy ot e
Fmally,’ we should mention that Pei et a. (1999)’s model treats averaged quantities fi
each. redshift and focuses only on the redshift dependence. Thus, our Tableq5 2m est l?r
f“pffll?d to the data averaged for each z. In other words, we should, not apply th;em tzse ;
mdnfldual galaxy at a certain z. Indeed, there is strong dependency of metallicit 1 a(;l
diansmy according to the numerical simulation by Cen & Ostriker (1999). For e yhOn IOC
Flng'e 5.? should be used instead after their metallicity is known. . e
s a future work, it would be interesting to investigate th i i
of ga]a'.x'ies.. As shown in Nishi & Tashiro (2000), star fofmationéJ :catzl\:ftiise;’x? l;zizzifsyvjﬁage
metallicity is less than 1/100 times the solar value are strongly regulated owing to the 1 kOS(;
COO.la.{lt (sfzrae Tamura., Hir?shita, & Takeuchi 2001 for an observational discussigon) Thjg I;
f;gl:ls;toil:) ! :fx;: C%'ala)ues with extremely low metallicity should be discussed by including the

5.4 Summary of this Chapter

Based on IHK00’s formulation, we consider the factor Ci1r in the conversion formula bet

the IR luminosity and the SFR, each of which is defined in equations (5.6) and (5.7 W’1(31(in
factor Cir becomes 1.7 x 1010, 5.2 10719, and 7.9 x 10~10 Mg yr1 L‘I.for the m't)'lli .
of 1, 0.1, 0.01 times the solar value, respectively. Thus, Cir differs byea factor of 943i ctlltly
range. Importantly, applicability of our formula is observationally confirmed by IREs ; the
Galaxy and the LMC. Applying our result to the cosmic SFH, we have found that th the
factorf(}'tlﬁ m;aly b'e :lboutl4 times larger at z ~ 3 than that at z ~ 0. Thus, we shouldetak:
care of the chemical evolution ies i i i :

ntasion e el evoluti of galaxies if we determine the cosmic SFH from the dust

Chapter 6

Galaxy Number Count in Far
Infrared

6.1 Present Status of Far-Infrared Number Count

There have been a number of advances in understanding galaxy evolution over the last several
years by optical redshift surveys of galaxies (e.g., Lilly et al. 1995). These surveys have been
revealing the star-formation history (SFH) of the universe up to z ~ 1. The star-formation
rate around z = 1 is found to be several times larger than that at z = 0. The Lyman-break
technique also provides the star-formation properties of galaxies at around z = 3 based on
the rest ultraviolet (UV) light (e.g., Steidel et al. 1996), and the star-formation rate in the
universe seems to have a peak at z ~ 1-2 (Madau et al. 1996; but see Steidel et al. 1999).
However, optical and UV light may severely suffer from extinction by dust.

The far infrared (FIR) is an important wavelength to trace the SFH of the universe,
because the energy absorbed by dust at UV and optical regions is re-emitted in FIR and
extinction in FIR is very small. Furthermore, for starburst galaxies, the bulk of the energy
is released in FIR; the survey by the Infrared Astronomical Satellite (IRAS) discovered
hundreds of galaxies emitting well over 95% of their total luminosity in the infrared (IR; e.g.,
Soifer, Houck, & Neugebauer 1987). Thus, surveys only in UV and optical wavelengths are
not sufficient to clarify the SFH of the universe. We also need to investigate the SFH in
the FIR bands. Indeed, the recent detection of the cosmic infrared background radiation by
COBE appears to have comparable brightness to the total intensity in deep optical counts
(Fixen et al. 1998; Hauser et al. 1998), which indicates that the infrared region is responsible
for roughly half of the energy released by nucleosynthesis in stars.

In the FIR wavelengths, galaxy evolution is discussed based on the number count of the
IRAS all-sky survey with a flux limit of ~ 1 Jy at 60 pm. Hacking, Condon, & Houck (1987)
and Saunders et al. (1990) showed that the observed counts of faint 60-um sources are about
twice as high as the non-evolutionary model prediction, suggesting the presence of source
evolution. However, since the depth of the JRAS survey is only z ~ 0.1 in median (Sanders
& Mirabel 1996), a deeper survey is indispensable to explore the higher redshift universe. A
survey much deeper than the IRAS survey was performed with ISOPHOT aboard the Infrared
Space Observatory (ISO; Kessler et al. 1996) at the Lockman Hole with a flux limit of 45 mJy
at 175 um (Kawara et al. 1998). According to Kawara et al. (1998), the surface density of
sources brighter than 150 mJy at 175 um agrees with the model by Guiderdoni et al. (1997),

79
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who took into account the burst of star formation whose timescale of gas consumption (~ 1
Gyr) is ten times smaller than that observed in normal disk galaxies (Kennicutt, Tamblyn, &
Congdon 1994). Matsuhara et al. (2000) investigated the FIR brightness fluctuations at 90
#m and 175 pm in the Lockman Hole by using the same data as Kawara et al. (1998). They
gave constraints on the galaxy number count down to 35 mJy at 90 um and 60 mJ y at 170 pm,
which indicate a stronger evolution than that predicted by Guiderdoni et al. (1997). Puget et
al. (1999) published source counts based on 175-um ISOPHOT observations of Marano field
covering ~ 0.25 square degrees. Based on estimate by Takeuchi et a). (2001a), a much wider
coverage is clearly necessary in the next step to reduce the effect of galaxy clustering (i.e.,
cosmic variance). Thus, wide surveys as will be conducted by ASTRO-F, the next-generation
Japanese IR satellite, is indispensable.!

The source counts at 90 and 175 pm are much higher than predicted by no-evolution
model (e.g., Takeuchi et al. 2000). According to Takeuchi et al. (2000), the number count
as well as the cosmic IR background are explained if the galaxy luminosity strongly evolves
from z = 0 to 2 = 1 by a factor of 10-100.

ASTRO-F will be launched in 2004. The Far-Infrared Surveyor (FIS) as well as the
(near- and mid-) Infrared Camera, (IRC) is planned to be on-board. A point source survey
in the whole sky will be carried out by the FIS with a depth of 15-50 mJy at 50-200 pum by
using unstressed and stressed Ge:Ga 2-D array detectors (Kawada et al. 1998).2 Since the
sensitivity of the FIS (Table 6.1) is 10-100 times higher than that of IRAS, the ASTRO-F
survey is expected to detect an enormous number of galaxies (~ several x 106 in the whole
sky; Takeuchi et al. 1999, hereafter T99). This survey will contribute to studying the SFH
and detecting primeval galaxies at high redshift (T99). The survey, however, will not be able
to determine the precise redshift (distance) of the detected ob jects. The rough redshift may

be estimated from the multi-wavelength data in the FIR-millimeter range (Takeuchi et al.
2001a).

In order to obtain the precise redshift and to know the natures of the detected sources
(e.g., Galactic objects, star-forming galaxies, or AGNs), optical or near-IR (NIR) follow-up
observations is necessary. Follow-ups will enable us to obtain a systematic and homogeneous
large database that will be more useful for studying the evolution of star-forming galaxies and
AGNs as well as the properties of large-scale structures. In the optical and NIR wavelengths,
the Subaru telescope is available when the ASTRO-F survey starts. Hence, the instrumental

conditions for the follow-up will be excellent and the follow-up of the ASTRO-F survey will
be a timely project.

In this chapter, we review the number count model by T99 and Hirashita et a). (1999) in
order to see necessary tools for prediction of number count. We concentrate on the ASTRO-F
survey and its optical follow-up. Throughout this chapter we adopt a Hubble constant of

Ho = 75 km s7! Mpc™! and a deceleration parameter of Qo = 0.2 and the cosmological
constant A = 0, unless otherwise stated.

'The European Large Area ISO Survey (ELAIS) covers 12 square degrees at 6.7, 15, 90, and 175 p#m (Oliver
et al. 2000).
2The FIS also has spectroscopic capability by a Fourier spectrometer covering 50-200 cm™! with spectral

resolution of 0.2 cm™. The same detector arrays for the all-sky survey are used, and these two functions are
switched.
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Table 6.1: Flux limits of the ASTRO-F far-infrared scanner

Wavelength [pm] 50-detection limit (mJy]
20

0 s

120 oooneeea 28

150 ...l

6.2 Model of Far-Infrared Number Count

Models of the source counts generally fall into two groups. The ﬁrstdfatll 1{131;1?83(1:1;3; gﬁ zg;a
i i ttempt to incorporate a detaile .
tied closely to observations but make no a ' o) Dysica model o
i T99 based their model on the local FIR luminosity !
how galaxies evolve. For example, : N oLy unction
i i bservations and on the spectral energy
observationally derived from the IRAS o n the s crorey distributions
i bserved spectra of dust emission in the mid- .
N i i t limited understanding
f making attempt to incorporate our -
(sub-mm) waveband. Instead o : ! ) pmited understanding
i j d simple functional forms for
of how galaxies evolve, they just assume .  cvoution and
i i d as the parameters of these functions wer ged. Th
investigated how the counts change . . ol el or o way i
i hat incorporate detailed physical mo !
other category includes the models t P ) o ol 1908). T i
i i ; hini et al. 1994; Guiderdoni et al. .
which galaxies evolve (Wang 1991; Frances.c ol 19 ! this
i tegory) to calculate the exp
i ew the model used by T99 (in the former ca . :
Z?;:SZrzzLﬁ:lof the ASTRO-F survey in FIR bands in order to see what information a FIR

number count contains.

6.2.1 Spectral Energy Distribution

i i 1 cirrus and hot starbursts, follow-
d SEDs in T99 consist of two components, coo
‘iIr‘ltgleI?z:larg-eRobinson & Crawford (1989). The cirrus component repr.escf,nts f;che c(liustt l}:ea:ﬁ
i i tarburst component stands for emission from dust hea
mainly by late-type stars, while the s ! % G Mirabal 1006
i i ts (e.g., Sanders ira
ly-type stars associated with intense starburs &
?;15 (r)rtlo(zla:l 2pgrm of the cirrus component is taken from the Galactic mterstel}ar duts;
model by Désert, Boulanger, & Puget (1990). In T99, it vx(riasﬁassdume:ihtliz; hglanlz.:lu;s;txn
, i t, where L is defined as the -
Lir < 101° L have only the cirrus component,  defined as the IR luminosity in-
i from 3 pm to 1 mm. Galaxies with larger Lig
tegrated in the wavelength range 0 1 mm o e vo both the
i ; ty in excess of 10°" L is assum
cirrus and starburst components; an IR luminosi : e
f the starburst component Ly, is compos
the starburst component. The spectrum o
f)rfogo-timperature modified blackbody radiation, Ls, = avB,(Tcool) + ﬂV..B,,'(Thot), :vhire_
B, (T) is the Planck function with temperature T’ bot%x o and B are norma,lm;ng1 1colxlxs )%ﬁ }S{
H;re the temperatures of the two components are given I.)y Teoot = 60(Ls/ © t
d Thor = 175(Lg/10M Lp)%1 K, where L is the luminosity of the starburst componen
?r?tegr;:;d over the range from 3 pm to 1 mm (Beichman & Helou 1991). The nox;nahz;x;i
i 70% of the starburst component comes from
constants o and 3 are determined so that : = oo the
t (Beichman & Helou 1991). The m
| component and 30% from the hot componen : he m
gl)iJoD is S(I:)aled properly to yield the given Lir. The resulting SEDs are presented in Figure
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6.2.2 Local Luminosity Function

The local FIR luminosity function of galaxies is d
1987b). Since Soifer et al. (1987b) used the FIR Iy
their Lir by using their model SEDs (Fig. 6.1). An
following double-power-law form of the lumino-sity

7.9 -1.0log(Lir/Ls) for 108
1 _ ©) for10° Ly < Lig < 10103 .
Og[¢0(LIR)] = { 171 -19 log (LIR/L@) for 1010'3[/@ < Lig < 1014 22’

no galaxies otherwise, (61

where ¢ is the number density of galaxies in Mpc—3 dex~!
et al. (1990) sugg(.ﬁsted another functional form for the IR lu
as a log-normal distribution for the luminous end and as g

at' z= 0. We note that Saunders
minosity function, which behaves
power-law form for the faint end.

6.2.3 Survey Limit
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onsidered, since the number of AGNs is expected to be

‘ ‘ st galaxies (Beichman & He]
Ns is considered, this will also be the case (Pearson 19(:96‘:))u
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angular resolution as well as with a longer wavelength photometric band than those of the
IRAS survey (Kawada 1998).

The flux limit of the all-sky ASTRO-F survey is estimated by Kawada (1998) to be 20
mlJy at ~ 50 um, 15 mJy at ~ 70 um, 30 mJy at ~ 120 um, and 50 mJy at ~ 150 um (Table
6.1; for recent information, see Takahashi et al. 2000). In the shorter wavelength region of
50-110 pm, the sensitivity is limited by both the internal and background noise, while in
the longer wavelength range of 110-170 um the detection limit is constrained by confusion
effects of the interstellar cirrus in the Galaxy. Much better point-source detection limits can
be expected in a limited sky areas near to the ecliptic poles, where the survey scan will be
repeated more than a hundred times. In this chapter we adopt a conventional value of the
point-source detection limit expected for the all-sky survey.

6.2.4 Redshift Distribution of ASTRO-F Galaxies

Assuming the above SED and luminosity function of galaxies, T99 calculated the redshift
distribution of ASTRO-F galaxies which were regarded as point sources there. The redshift
distribution per unit solid angle and unit redshift is formulated as

d2nN dv 0 ’ ’
4 _ 4V /L . &(Lin, z)dlog Liz, (6.2)

where the effect of evolution is included in the luminosity function at 2, ¢(Lig, 2), and the
comoving volume element per str and per z is denoted as d?V /dQddz (€ is the solid angle). In
equation (6.2), Ljjy(2) is the limiting luminosity for the source at z. The limiting luminosity
is determined by the detection limit (§6.2.3). The limit as a function of z is listed in Table
6.2 for the 120-um survey. Ly, (z) becomes 1014 Lg at z ~ 5 so that no galaxies are detected
in 2 > 5 due to upper luminosity cutoff of the luminosity function (eq. [6.1]). The comoving
volume element can be expressed in terms of cosmological parameters as

v ¢ di, (6.3)
dQdz  Ho (1+ 2)3y/T+ 2g0z’ '

where c is the speed of light and dy, is the luminosity distance:

qug lza0 + (90 — 1)(v/2q0z + 1 - 1)] . (6.4)

The resultant number count per z in the whole sky is shown in Figure 6.2 for 50-, 70-, 120-,
and 150-pm surveys in the case of no evolution. The total number count of the ASTRO-F
galaxies integrated over all the redshift range is several times 10® in the whole sky at each
wavelength. The 120-um survey is the deepest (z ~ 5). Both of the 70- and 150-ym surveys
reach z ~ 4.5 and the 50-um survey reaches z ~ 3.5. Hence, the 120-um survey is preferable
to detect high-z galaxies. As for lower redshift region, the number at 150 um is by one order
of magnitude smaller than the others in the range of 0.2 < z £ 1, and the number count at
50 pm is by one order of magnitude smaller than that in the other bands at z < 0.2. The
redshift distribution of the ASTRO-F galaxies is discussed further in T99.

dy, =

6.2.5 Treatment of Galaxy Evolution

For galaxy-evolution models, T99 treated pure luminosity evolution and pure density evolu-
tion. In this subsection, we briefly review the method to include the evolution effect.
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Table 6.2: The minimum Lir detected by ASTRO-F 120-pm survey

Redshift (z) Lim(2)
[Lo]
0.2 1011
1.0 1012
3.0 1013
5.0 1014

dN/dz (in the whole sky)
=)
(@]

Lol
S O
=N

S -

o -
[,

Figure 6.2: Number of the ASTRO-F
dash-dotted lines represent 50-, 70-, 12

galaxies per unit 2. The solid, dotted, dashed, and
0-, and 150-pm surveys, respectively.
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Pure Luminosity Evolution

The pure luminosity evolution model in T99 means that the luminosities of galaxies change
as a function of redshift with the functional forms of the luminosity function being fixed
(eq. [6.1]). The effect of the luminosity evolution of the galaxies is so modeled that the
luminosities of galaxies increase by a factor of f(z) at a redshift z:

Lir(2) = Lir(z = 0) f(2). (6.5)
The function f(z) is empirically given in T99 as
f(z) =exp [le)] , (6.6)
ty

where @, 7(z), and ty are, respectively, a parameter defining the magnitude of evolution,
look-back time as a function of z, and the Hubble time 1/Hp. This means that the timescale

of galaxy evolution is ty/Q.

Pure Density Evolution

The pure density evolution in T99 means that only the comoving number density of galaxies
changes as a function of redshift with the luminosities of the galaxies fixed. The density
evolution is so modeled by using a function g(z) that the comoving number density at z is

g(z) times larger than that at z = 0:
¢(2, Lir) = ¢o(L1r) 9(2) , (6.7)

where ¢(z, Lir) is the luminosity function in the comoving volume at the redshift of 2. For
g(z), T99 adopted the functional form similar to f(z) defined in equation (6.6):

g(2) = exp [Pzgl] ; (6.8)

where P is a parameter representing the magnitude of the evolution.

Determination of Parameters and Observational constraints

In T99, each of the evolutionary parameters (P and Q) is determined by a comparison with
the IRAS extragalactic source count data. Excluding four statistically poorest points, the
values fit best to the data of IRAS Point Source Catalog (Joint IRAS Science Working Group
1985) and Hacking & Houck (1987) are P = 2.7 or Q = 1.4. Recent ISO result may indicate
stronger evolution (§6.1). The cosmic IR background radiation predicted by the model of T'99
is not well reproduced but partially consistent with the DIRBE and FIRAS results (Puget et
al. 1996; Fixsen et al. 1998; Hauser et al. 1998) in the FIR region. We note that the sub-mm
background radiation predicted by T99 is a few—ten times larger than the DIRBE and FIRAS
results. The redshifted dust emission, whose peak is located at 30-100 um at the rest frame
of the galaxy (Figure 1 of T99), largely contributes to the submillimeter background. Thus,
constraint on the galaxy evolution in the high-redshift universe from the sub-mm background
is suggested to be useful for future work. Indeed recent modeling by Takeuchi et al. (2001b)
is motivated by such a constraint. The model is also compared with the SCUBA data (Smail

et al. 1997; Hughes et al. 1998; Barger et al. 1998) in Appendix of T99.
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6.3 ASTRO-F Galaxies in Optical and NIR Wavelengths

In this section, we estimate the number of the ASTRO-F galaxies for B (A = 4400 A) and H
(A = 16500 A) bands. Galaxy evolution is not taken into account at first. The effects of the
evolution are considered later in this section (§6.3.3).

6.3.1 Method for Calculation

We calculate the expected numbers of the ASTRO-F galaxies at B and H bands in the
following way:

[1] Two populations for the ASTRO-F galaxies are assumed; starburst population and
normal spiral population. We define the starburst population as galaxies whose Lir exceeds
10'° Lg. This classification of the populations corresponds to two different compositions of
FIR SEDs in §6.2.1.

[2] For the UV-to-FIR SED of each population, we use averaged SEDs of sample galaxies
in Schmitt et al. (1997; Figure 1.1). They collected the nearby galaxies from the catalog of UV
TUE spectra (Kinney et al. 1993, 1996), whose ground-based spectra observed with apertures
matching that of IUE (10" x 20") were available. The sample contains 6 normal spirals and 26
starburst galaxies. The starburst galaxies are divided into two categories: the high-reddened
sample (15 galaxies) and the low-reddened sample (11 galaxies) at E(B — V) = 0.4. The
reddening was calculated in Calzetti, Kinney, & Storchi-Bergmann (1994) from the Balmer
decrement. Here, we use the high-reddened sample, so that the UV or optical luminosity
density converted from the FIR luminosity density gives fainter estimation. The conversion
of Lig to the luminosity for each band (at frequency ») is made for the two populations using
the averaged SEDs as L,/Lgoum = oy, where L, = vL,. We should note that Lgo,um and
Lir are related to each other (§6.2.1). The value of a,,, which is assumed to be a function of
v only, is listed in Table 6.3. The ratio of luminosity density at v to that at 60 um is kept
constant for each population. We should keep in mind that the scatter of a,, is large (an order
of magnitude) in observational data. Since our estimation is made for FIR-selected sample,
use of SEDs in Spinoglio et al. (1995), in which the sample was selected at 12 um, is better.
However, we need UV data to evaluate the optical magnitude of galaxies at high redshift,
and thus we used the data in Schmitt et al. (1997). It is worth noting that the FIR-to-optical
SEDs of 12-um sample in Spinoglio et al. (1995, their Figure 11) is consistent with the value
of a,, in Table 6.3 within an order-of-magnitude, typical scatter of the data in Schmitt et al.
(1997).

Table 6.3: Parameter (a) for the conversion of luminosities.

Population (band) o
Starburst (B) ... 0.10
Normal (B) ..... 40
Starburst (H) ... 0.12
Normal (H) ..... 10

NOTE.—* a = L, /Leoum, where L, = vL, (L, is luminosity density of a galaxy).
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(Mpe~3 mag™!) is made based on Soifer et

inosi ti M
ot ing the abe function gu(Mane) luminosity density. The definition of the AB

i ion of the
al. (1987b) by using the above conversion O
magnitude (Mag,) is given by Oke and Gunn (1983);

Mg, [mag) = —2.51log f, lerg em~2 57! Hz 1] —48.594, (6.9)

where B = Mg +0.2 and H = Mg — 1.4. The B-band luminosity function is described as

follows. For the normal population,

log ¢o [Mpc”3 mag 1] = 5.08 + 0.38MABB, abs: (—19.8 < MaBB, abs < —~14.8). (6.10)

i - laxies per magnitude, and the
the local number density of the ASTRO-F ga nagnit
refers to absolute magnitude. The upper and lower lumI;IOSltleS corresPond
= 10°2 Lg) and Lig = 10® Lo (L6o ym = 1072 L), respectively.
law fitting is executed as follows:

where ¢p is
subscript “abs”
to LIR = 1010 L@ (LGO pm
For the starburst population, double-power-

o 1y [0.024016Mapp,as  (~180 < Mapp,ate < —158). g4y
loggo [Mpc™ mag™ 1= 15 47 1 0.83MaBp,abs (256 < MaBB,abs < 180,

inos d to Lig = 10" Lo (Leo pm =
here the boundary values for the luminosity correspon ' . Leo
?0131"2 Lo; MaBB,abs = —25.6), LIR = 10193 L (Lo pm = 1007 Lo; MABB,absl— _18-93,
and Lir — 1010 Lo (6o um = 10°2 Lo; MABB,abs = ~15.8). For H band, the luminosity
function of the normal population is

log ¢o [Mpc™> mag~!] = 6.00 + 0.38MABH,abs (—22.2 < MABHabs < -17.2), (6.12)

while the starburst luminosity function is

o 1 010+015MaBabs  (—196 < MaBHabe < —174), (g 43)
log ¢o [Mpc™ mag ™1 = { 1340+ 0.83MapHabs (—27-2 < MABHabs < —19.6)-

The fraction of starburst galaxies is 2% of total nu'mber of field ga}axies at Magg ~ —20
mag (see e.g., Small et al. 1997 for the number density of field gala?cles)fi i 1o the data of
[4] The K-corrections, K(z) is expressed by 52-order :Polynoimals 5ttTh ) : date
SEDs in Sclmitt ot al (1997) 2 Ks) = aun o of (2 s e than 0.2 mag
i in Table 6.4. The residual O .
ﬁfct)?:go?r&g r:izlslitc‘le:rég z range and 0.5 mag in. the wor.st case; the values are less than the
scatter of the luminosity density of the sample in Schmitt et al. (1997).

Table 6.4: The coefficient ay for the K-correction.

a
Population (band) ai ag as a4 5
—23x10"2 T74x10*
B) ....... 2.1 -1.2 0.25 A *
?\Its:;l;lrs(tB() ) 5.7 -2.6 —0.39 -1.3x10 32 —4.6 x 10_4
Starburst (H) .....-- _049 038 —7.0x1072  52x107 -14x10

- -2 1.1x 104 3.3 x107°
Normal (H) ....ov--- -022 035 3.3x 10
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[5] Finally, the number count of ASTRO-F galaxies per square degree is calculated ac-
cording to the following formula:

N<Mag) = 440 [“daz [T dMasy d(Mas,) LY
< v) = } , '
* f /‘; Z/MABu,um(z) By $(Mas )dz ds2 (6.14)

where MR, jim(2) is the limiting magnitude corresponding to Ly, (z) (§6.2.3).

6.3.2 Results

The cumulative number count of ASTRO-F galaxies detected at 20 um are presented in
Figures 6.3a (B band) and 6.3b (H band). These figures show that number of ASTRO-
F galaxies brighter than Bag ~ 19 mag (or Hap ~ 16 mag)® increases as the magnitude
increases with a slope of 0.6 (dex mag™!), which is the value for the no evolution case in
the Euclidean geometry.® The figures also show that no ASTRO-F galaxies are detected in
the magnitude region fainter than Bap ~ 22 mag (or Hap ~ 21 mag) for starbursts and
Bagp ~ 19 mag (or Hap ~ 16 mag) for normal spirals. Each of these magnitudes corresponds
to optical flux density of each population, which is detected at the flux limit of the ASTRO-F
survey. About 60 normal galaxies and 80 starbursts per square degree are detected within
this limit. The redshifts of normal spirals are less than 0.1 (T99), as expected from the slope
of the counts. In Figures 6.4a and 6.4b, we also present the number count of starbursts in
various redshift range (2 < 0.2,0.2 <2< 1,1 < 2 < 3, and 3 < 2) in the case of the 120-um
survey. About 90% of the starbursts detected by ASTRO-F are located at the redshift of
z < 0.2 (40% at z < 0.1 and 50% at 0.1 < z < 0.2). For z < 3, the ASTRO-F galaxies are
brighter than Bap ~ 22 (or Hap ~ 20), corresponding to the detection limit of ASTRO-F.
One high-z (z > 3) galaxy exists per ~ 10 square degrees.

We used the high-reddened SED of Schmitt et al. (1997) as that of starburst galaxies
(subsection 6.3.1). The UV-to-FIR ratio of the luminosity density for the low-reddedned SED
is about twice as large as that for the high-reddened SED. Thus, the optical counterpart of
ASTRO-F galaxies may be brighter than is expected in this chapter by two times (~ 0.8
mag), if the dust extinction is lower. Even if the deceleration parameter of the universe is
not 0.1, but 0.5, there is no significant change in the detected number at z < 2. The number
increases by 20% around z = 3.

6.3.3 Effects of Galaxy Evolution

Guiderdoni et al. (1997) calculated the number count of galaxies in FIR wavelength based on
models constructed through detailed physical processes related to the evolution of galaxies
(see also Franceschini et al. 1994). However, there is a great deal of theoretical uncertainty
concerning the physical processes governing galaxy formation and evolution. Indeed, the
primary motivation of the semianalytic model as Gioderdoni et al. (1997) is to search the
parameter space of galaxy formation and evolution and to investigate the response of the
result to the parameters (e.g., White & Frenk 1991; Lacey & Cole 1993). In the model,
one starts from a power spectrum of primordial density fluctuations, follows the formation
and merging of dark matter halos, and adopts various prescriptions for gas cooling, star
formation, and feedback. Here, we adopt an “empirical approach” based on the luminosity

3Bap and Hap are the apparent AB magnitudes in B and H bands, respectively.
4The slope is explained in §6.4.
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Figure 6.4: (a) Cumulative number counts of the starburst population in various ranges
of redshift in the B band. The solid line represents the number count of starbursts in the
redshift range of 0 < 2z < 0.2, the dotted line 0.2 < z < 1, the dashed line 1 < z < 3, and the
dash-dotted line 3 < z. (b) Same as (a), but in the H band.

function and SEDs observed in the local universe. “Empirical” means that the model is based
on observational data.

We only investigate the pure luminosity evolution defined in T99 and §6.2.5. The evolution
with the parameter @ = 1.4, which T99 determined by using JRAS extragalactic source count
data, is examined here. This model shows the luminosity evolution by a factor of 1.9 at 2 = 1,
2.4 at z = 2, and maintains this evolutionary factor in z & 2. We assume for simplicity that
the luminosity of galaxies evolves in such a way that the ratio of FIR to optical luminosity
is kept constant. Apparently, the photometric evolution model from optical to FIR range
should be included in the future. The spectral evolution model as described in §5.2.3 will be
useful.

Figures 6.5a and 6.5b present the effect of evolution for the starburst population. Since
almost all of the ASTRO-F galaxies reside in low-2z areas, the effect of galaxy evolution is not
significant (increase of about 20%). We also present the number count for various range of z
in Figures 6.6a and 6.6b. Comparing Figures 6.4 and 6.6, we see that the effect of evolution
is significant for high-z galaxies; the number of low-z (z < 1), intermediate-z (1 < z < 3),
and high-z (z > 3) galaxies is 100, 20, and 0.2 per square degree, respectively.

The intensity of cosmic IR background radiation (e.g., Fixen et al. 1998) also constrains
the magnitude of galaxy evolution. Since @ = 1.4 is almost the upper limit, stronger evo-
lutions with our model break the constraint (T99). The density evolution of the luminosity
function in T99 gives almost the same results, since the parameter for the density evolution
is determined from the same calibration as that of the luminosity evolution (see T99 for
details).
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Figure 6.6: (a) Number counts of the starburst population with the luminosity evo}ution in
various ranges of redshift in the B band (the meaning of the lines are the same as Fig. 6.4a).

(b) Same as (@) but in the H band.
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6.4 Supplementary Review: Slope of Number Count

:Asdstz?ted in §6.3.2, the slope of the number count in the Eucledian universe is 0.6. This slope
is derived as follows. Let us start with the relation between the luminosity L and flux S: ’

4nd*S =L, (6.15)

The number count N(> S : L
I (> S) (the number of galaxies whose flux is brighter than S) is expressed

Nb$=/mm%f@aswﬁ (6.16)

ghere ¢(L) is the luminosity fl.mction (¢(L) dL is the number of galaxies whose luminosity is
etween L and L + dL per unit volume). Since the magnitude is defined as m = 2.51
constant, we obtain = 2ologSH

log N(> S) = 0.6m + constant . (6.17)

6.5 Summary and Future Strategy

We adopted the “empirical approach” model to predict the optical and
32 f:l;ﬂ}e; j);pe;t;d.to be d(tatected bz ASTRO-F. This model Ii)s based onl\?hfz E)l::r:lbs;;s(;(r)'::;
, is an extension of the IRAS r igh- i i

our model, such ASTRO-F galaxies have rnagnitudi,sl'rlrlzisgt,,o,;,i 2hllgal; fh‘;nlli’vﬁs‘HAlc):r);idsm'gl‘ltlo

expected number of ASTRQ-F galaxies at B and H bands per square degree is estix;mteg

to l?e 80 for starburst galaxies and 60 for normal spirals. This value is about 10% of th

optical/NIR number count at the same magnitude. As for the redshift distributionoa(; :

all of the normal galaxies are located at 2z < 0.1, and about 40% of the starburst gal ios an

at 2<0.1,50% at 0.1 < 2<0.2,10% at 02<2<1,and 1% at z > 1 s e
By considering the results obtained above together with the effe.cts of the evolutions

the scientific targets of optical/N _ .
cvafold: g ptical/NIR follow-up observations of ASTRO-F galaxies would be

1] ;IS‘};e sta(xl‘ f(r)Il"lrlnation history as well as a large-scale structure of the universe up to 2 ~ 1
raced. e environmental effects o ion i i i i
s bra s on star formation in galaxies will be an important

[2] Extremely bright starburst galaxies in a hi i i
igh-z universe i
an early stage of galaxy evolution. ¥ roe 1o searched. “They may be in

y Ai’gRO—F is expect-:ed to determine the position of a FIR source with an accuracy of 5”
E avx{) a 1998), which is estimated based on the accuracy of telescope pointing and of fitting
a% : teﬁ)an:2prgjile: The observec}l number counts of galaxies in the b; and K bands show that

u galaxies exist in a 5” x 5” field at an AB magnitude of 21 ma
. : g (e.g., Broadh
Ellis, & Glazebr.ook 1992)_. T.hls means that a chance coincidence between A(S’I%RO-F aéal;lg):;
ang x;(;rmal i)ptxcal ga%la;cées is negligible within this magnitude limit, and thus we can select
optical counterpart of ASTRO-F galaxies almost uni i
quely. Since the expected redshifts of
most of such ASTRO-F galaxies are low (z < 1), the opti il  enong}
‘ . , optical spectroscopy will be good e h
to determine the redshifts and natures of the sources. Considering that the numbger den?i(t);;gof

6.5. SUMMARY AND FUTURE STRATEGY 93

ASTRO-F galaxies brighter than map = 21 mag is ~ 100 deg™2, a multi-object spectrograph
with a wide field of view (such as a fiber multi-object spectrograph) equipped to a 4-8-m class
telescope is the best instrument to follow up the ASTRO-F survey. The obtained database
will be used to trace the SFH and large scale structures up to z ~ L.

It will be very inefficient to find high-z ultra-luminous FIR galaxies in such a survey
described in the previous paragraph because of its very low surface density. We need another
approach to obtain a sample of high-z ultra-luminous FIR galaxies. It is expected that we
can make a rough estimate of the redshifts of ASTRO-F galaxies based on a FIR color—color
diagram of the sources by using three ASTRO-F bands, as described in T99. Takeuchi et
al. (2001a) extended this technique to the sub-mm wavelength. Their basic idea is based
on the fact that the peaks in the spectra of the thermal radiation from the heated dust at
high z is redshifted to a longer wavelength. After selecting the high-z galaxies based on their
FIR colors, we need to conduct deep spectroscopic observations which target these objects.
Since such high-z objects will have faint magnitude (mas S 23), any optical counterparts
may not be uniquely identified; chance probability is not negligible in this magnitude range.

Furthermore, “dusty” galaxies may have fainter optical magnitude. Thus, deep multislit
1 field unit of a field of view of ~ 10” will be required.

optical/NIR spectroscopy or the integra
Since making slitlets in a 5" ~10" region would be difficult, the fiber spectroscopy would be

the most efficient way to identify the FIR source. Subaru telescope will be equipped with
Fiber Multi-Object Spectrograph (Maihara et al. 2000), which will be useful in the follow-up

observations.
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