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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 rv 107- 8 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 (LIR < 1010 L0 ) and starbursts (LIR > 1010 £ 0 ). 

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 (z > 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 

Part I 

Introduction to Radiation from 
Dust 

1 



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 J.Lm to 1 mm. TheIR 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 theIR. 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 J..LID to 700 J..LID. 
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 lQ-100 times deeper than that of IRAS. 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 theIR 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 rv 100 J..Lm. With the aid of the Wien displacement law, 

T Apeak = 2898 K ~-tm , (1.1) 

3 



4 CHAPTER 1. INTRODUCTION 

where Tis 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 "' 1012 M 8 , emits 
most of its energy in FIR (Sanders & Mirabel1996). 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 theIR emission from dust in galaxies. We review the mid-IR 
(MIR; 5 f.-LID ;S A ;S 40 J.Lm), FIR ( 40 J.Lm ;S ~ ;S 200 J.Lm), and sub-mm ( 200 f.-LID ;S A < 1 mm) 
wavelengths. In the near-infrared wavelength ( 1 J-Lm ;S ~5 f.-till), the stellar light dominates 
over the dust emission. The sublimation temperature of dust ( rv 1000 K) corresponds to 
~ rv 3 J..Lffi. 

1.1.1 Far-Infrared and Sub-Millimeter 

The first all-sky survey at FIR wavelengths carried out in 1983 by the IRAS 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 Fffi 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 andre-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 
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Figure 1.1: Average spectral energy distributions (SEDs; v is the frequ~ncy and L~ is the 
monochromatic luminosity) of (a) spiral galaxies and of (b) starburst galax1es of ~c~m~t:t ~~ 
(1997) The SEDs are normalized to the .A 7000 A flux. We adopt the SBH samp e m c IDI 
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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., Desert, 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 Hn 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 Mffi spectra show several broad bands at 3.3, 6.2, 7.7, 8.6, and 11.3 J.Lm, whose origin 
is interpreted as the C-C and C-H stretching and bending vibrations in polycyclic aromatic 
hydrocarbons (PAHs; Leger & 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-fanning 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 
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1.2 Dust and Galaxy Evolution 

1.2.1 Various Types of Galaxies 

Luminous Infrared Galaxies 
· ) ft n defined as the galaxies whose infrared lumi-

Luminous infr~ed galaxies (LIRG~ :r:f ~-;000 m is greater than 1011 L0. Galaxies more 
nosity defined In the wavele~gth ~~lf L are ref!red to as ultraluminous infrared galaxies 
luminous in the IR range an . <? traced b CO (Sanders et al. 
(ULIRGS) LIRGs contain large quantities of molecular gas, as Y HCN . . 

· d 1 lar gas traced by emiSSion, 
1988). This as well as the observed abundant ense mo ecu & Radford 1992) may indicate 
usually found only in star-forming cores (Solomon, Downes, . f the radia;ion from such 

. £ t · n from the gas Dust reprocessing o 
active on-gmng star orma 10 

· f th LIRGs The term "starburst 
an activity is widely considered to be the energy sour.ce o . e. . . 

. ,, 's used for alaxies with intense star formatiOn actiVIties. . . 
galaxies 1 . g d of LIRGs showed that a large fraction of them has Interacting 

The optical follow-up stu Y h . ) The fraction increases as the 
& M' b 1 1996 and references t erem · 

features (Sanders Ira e . . . ted as an interaction induces the star formation 

IR .l~~in~i;; inctreasthest. th~h:d~ ~~~~~~~ also increases with IR luminosity (Veilleux et al. 
act1v1ties. vve no e a 
1995). 

Spiral Galaxies . 
. . emits 30% of its radiative energy in the FIR. However' as show~ m 

A ty~Ical spl~al g~~Y.t_ (1996) the FIR luminosity presents a large variety among spiral 
Tomita, Tomita, al o b . t' t d as a scatter of star formation activities, though we 

. Th' ·ety can e In erpre e . l . galaxies. IS van . fr t' . the FIR emission from spiral ga ax.Ies . . d th . gnificant cirrus ac IOn In 
should )keeAp In ~lbnl oedsell £or this variety is presented in chapter 4 (see also Kamaya & 
(§1.1.1 . possi e m 

Takeuchi 19~7). . 2000b) treated some early-type spiral (Sa-Sab) galaxies 
Inoue, Hlrash~a, ~ KS.:';;~ ~at concentrate in their own central 1 kpc by adopting the 

with evident s~ar- ~~mg re . 8 There are some early-type spiral galaxies showing 
sample of Usm, S~to, &_ ~omlta (199 ). . Hameed & Devereux 1999). According to 
evident star-form1ng actiVIty (e.g.~ Keel 1983'. . b t 2 11 yr-t Inoue et al. (2000b) 

( 000 ) th SFR of this central regiOn 1s a ou .tv.t0 • • 
Inoue et al. 2 a ' e . ffi . (SFE) in this central 1 kpc star-fornung 

. t d th star formation e clency 
moreover est1ma e e d' . . ed £or this reuion to be self-gravitating. Here 

· aki · t ount the con 1t10n reqmr o-
regiOn, t ng In o ace h t" f the stellar mass in a star-forming region to the gas 
we define the SFE las :ei;~.: ;;~ ~~l:tes more directly than the SFR to the mechanism of 
mas~ of a p~ent c ~~ . ;ium (ISM) into stars. Using two indicators of th~ ~resen~ SFR, 
turning ~he Interste ~~e. estimated the SFE to a few percent. This IS equlval~nt 
Ho and Infrare? luminOSl~Ies, they d' ks This coincidence may support the universality 
to the observatiOnal S~E In lat~-type IS . t db Young et al. (1996) and Rownd & Young 
of the mean SFE of spiral galaxies as sugges e y 

(l9~ent ISO observation h~ve resolved spiral ~altaxlh~e~!~e~!=gt~~ Ie~;:t ~~~~~~~~:7: 
996) w 11 defined sp1ral arms are seen m . . 

et al. 1 . e - . . M51 This indicates that a strong MIR radiation 
brightness between MIR and Ho 1~ seen Jn £. t·on actl'VI'ty The IRAS FIR pictures of 

h · · th an Intense star onna 1 • 
origi~ates frfom t elrealgwn.:l also correlate very well with their images in Hn (e.g., Devereux 
the d1sks o norma g 8.X1 
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1996). 

Dwarf Galaxies 

~n the last two decades, increasing attention has been paid to the study of dwarf galaxies 
m order to understand their crucial role in galaxy formation and evolution. In hierarchical 
clusterin.g theories (e.g., White & Frenk 1991) these systems can constitute the building blocks 
from which larger systems have_ been cr~ated by merging. A population of newly star-forming 
dwar:fs at z ;S 1 h~ been also mvoked m some evolutionary models to reproduce the excess 
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 d~st c?ntent IS. much smaller than spiral galaxies. However, large FIR sample of dwarf 
galaxies will 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 106-107 £ 0 ). This flux level is detectable with ASTRO-F. 

The dust-to-gas ratio determined from theIR 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 I envelope around a star-forming region effectively works as a reservoir of 
momentum. This mechanism may keep gas from escaping out of a dwarf system. After their 
sugg~stion, Hirashita, Tajiri, _& Kamaya (2001, in preparation) showed that significant mass 
loss IS not necessary to explam the scatter of the dust-to-gas ratio of the dwarf sample if the 
rate of dust destruction changes significantly as a function of time. Since the destruction 
i~ cause~ ~y supernova (SN) shocks, a temporal variation of SN rate is necessary for the 
time :anati_on of ~ust destruction rate. This temporal change is naturally introduced if dlrrs 
expenence mtermittent star formation histories. 

Elliptical Galaxies 

Ell~pt~cal gal~es 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 IRAS (Knapp 
~tal. 1989) but mostly at low value of the ffi-to-opticalluminosity ratio. The cold gas content 
Inferred from the IRAS flux level is 107-108 M0 (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 

G~laxy_ nu~ber count provides a useful tool to investigate the galaxy evolution to high red­
shift, smce It can be made from observational quantities (i.e., galaxy number as a function 
of observed flux). The galaxy evolution is constrained by predicting the count from models. 

1.2. DUST AND GALAXY EVOLUTION 
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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 ISO 
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 theIR luminosity density increases rapidly from z = 0 to z = 1 by an order of 
magnitude. They also showed that theIR density should be < 10 times between 1 ~ z ~ 5 
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 I"V 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. 
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Figure 1.2: Cosmic background from the UV-sub-millimeter wavelength. lv 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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b Takeuchi et al. (2001b). The comoving density of star formatiOn rate (PSFR) IS presented 
:a function of the redshift z. The solid line represents the m~imum 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 t 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 Iv(k, r, t) so that Iv dv dw dA dt 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; dAis located at the position r 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 Uv 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 the energy density per unit solid 
angle uv(fl) = Iv/c. Integrating over all solid angles we have 

or 

Uv =' I Uv ( fl) dfl = ~ I I v dfl , 

47f 
Uv = -Jv, 

c 
where we have defined the mean intensity Jv: 

Jv ='- 4~ I lvdfl. 

The flux Fv is defined as 

Fv =I IvcosBdfl, 

(2.1) 

(2.2) 

(2.3) 

(2.4) 

where 8 is the angle between the line normal to the surface element dA and the ray. 
The change of lv resulting from interaction with matter is governed by the equation of 

transfer. This equation is derived by considering the flow of energy in and out the ends of 
cylinder of length ds, with the use of the absorption and emission coefficients K,v and Jv· The 
absorbed intensity in the cylinder is assumed to be K,vlv ds, while the emitted intensity is 
denoted as Jv ds. As a result, we obtain the following equation for the change of lv along a 
distance ds: 

dlv . 
ds = -Kvlv + Jv . 

We define the optical depth r v backward along the ray path by the expression 

dTv = -Kvds. 

(2.5) 

(2.6) 
At the observer Tv = 0. If we consider the radiation received from a region or cloud of total 
optical thickness T2, equation (2.5) may be integrated to yield 

1
~0. 

lv = lv(O)e-r2 + v Jv e-rv dTv, 
0 Kv (2.7) 

where lv(O) denotes the value of lv on the far side ·of the emitting region from the observer, 
where Tv= T2. 

Under the thermodynamic equilibrium, it is required that lv = Bv(T), where Bv(T) is 
the Planck function at the temperature ofT: 

2hv3 1 
Bv(T) = -2- h. /lesT . c e v -1 (2.8) 

The Planck function is also expressed if we adopt the wavelength A as the measure of intensity: 

2hc2 1 
B).(T) =AS ehcj>.kaT- 1 . (2.9) 

Since div/ds must vanish if 111 is constant, we see from equation (2.5) that 

Jv = KvBv(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 electro~agnetic r~di­
ation is reduced in intensity by two physical processes, absorption and scatt~rmg of ~ai.ns. 
This reduction of energy is called interstellar extinction. In this section, we begm by outhnmg 
the theoretical basis for models of extinction. 

2.2.1 Extinction by Spherical Grains 

Here, spherical grains is assumed in considering the extin~tion prop~rties of the dust: Suppose 
that spherical dust grains of radius a are distributed umformly w1th nu~be: density nd ~er 
unit volume along the line of sight to a star. We define Cext, v as the extmct10n cross sectiOn 
(i.e., the absorption coefficient per grain): 

(2.11) 

We omit the subscript v (or A) hereafter in this section, but we should note.the v depen~en~e 
of K and Cext· Considering an element of column with length ds, the fractiOnal reductiOn 1n 
intensity of starlight at a given wavelength is 

d/ 
- = -ndCext ds, 
I 

(2.12) 

where emission can be neglected around the visible wavelengths. The emissi~n around FIR 
is considered in §2.3. The optical depth Tis expressed as dr = -ndCext ds (with K = ndCext 

and eq. [2.6] combined). From equation (2.12), we obtain 

I= Io exp( -T), (2.13) 

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

AA: -2.5log (fo) = 1.086NdCext, (2.14) 

where the column density Nd is defined as the density integrated over the whole line of sight. 

Nd =I 7ld ds. (2.15) 

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

we obtain 

Cext 
Qext = --2' 

1ra 

A>. = 1.086Nd7ra2
Qext. 

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

AA = l.0861r I a2Qext(a) N(a) da, 

(2.16) 

(2.17) 

(2.18) 
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where N (a) da is the number of grains per column in the line of sight with radii in the range 
from a to a + da. 

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

These efficiencies are functions of two quantities, a dimensionless size parameter, 

21ra 
x=:-:\, 

and the complex refractive index of the grain material, 

m = n- ik. 

(2.19) 

(2.20) 

(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 Debye 
(1909), resulting in what is now known as the Mie theory. 

T?e asymptotic behavior of the extinction efficiency is as follows. At very large x (a>> A), 
Qext IS constant. When x << 1 (a<< A) is satisfied (in FIR, this condition is satisfied), useful 
approximations may be used to give simple expressions for the efficiency factors (Bohren & 
Huffman 1983, Chap. 5): 

Qsca ~ ~xt::: ~ ~ r 
Qabs ~ 4x Im { :: ~ ~} . 

(2.22) 

(2.23) 

The quantity (m
2

- 1)/(m
2 + 2) is often only weakly dependent on wavelength. In this case, 

extinction dominated by absorption in the small particle limit gives a A - 1 dependence, whilst 
extinction dominated by scattering gives a ..\ - 4 dependence (Rayleigh scattering). 

2.2.2 The Mean Extinction Curve of the Galaxy 

'frumpier (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, exactly 
analogous to the reddening of the sun at sunset by particles in the terrestrial atmospheres. In 
order to study in detail the observed properties of reddening, it is essential to use background 
stars with known spectral characteristics as probes. The degree of reddening or "selective 
extinction" of a star in the Johnson BV system is quantified as the color excess 

EB-V = (B- V)- (B- V)0 , (2.24) 

where (B- V) and (B - V)o are observed and "intrinsic" values of the color index. The 
relation between total extinction at a given wavelength and a corresponding color excess 
depends on the wavelength dependence of extinction, or extinction curve. The extinction in 
the visual passband may be related to E B _ v by 

Av = RvEs-v, (2.25) 

-- ~ 
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where Rv is the ratio of total to selective extinction. Theoretically, Rv 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 J-Lm. Studies of large samples of stars have show~ that the extincti~n 
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 ~hit_tet 
(1988) and Savage & Mathis (1979). One of the most promment feature m the extmctwn 
curve is the bump at 2175 A. 
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Figure 2.2: The average interstellar extinction curve (E>.-v/Es-v versus ..\-1). 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 

E>.-v = Rv {A>. -1} . (2.26) 
Es-v Av 

Since the extinction asymptotically reach zero as the wavelength becomes large, Rv is related 
formally to the normalized relative extinction by the limit 

Rv-- --[
E>.-V] 

- Es-v >.-+oo ' 
(2.27) 

and may thus be deduced by extrapolation of the observed extinction curve to A - 1 -+ 0. A 
non-linear least-square fit from 0. 7 to 5 J.Lm yields 

E>.-V = 1.19-X -1.84- 3.05 (2.28) 
Es-v 
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(Martin & Whittet 1990). This relation indicates that Rv = 3.05. 

2.2.3 Models for Interstellar Extinction 

The nature of the gr~ins res~onsible for the observed extinction curve must be investigated 
from a ~odel calculatiOn carn~d ou~ fo~ ca~didate materials with laboratory-measured optical 
properties and an assum~d Size d1stnbu~10n. Observations in the ultraviolet (UV) led to 
the d:velopment o~ ~ult~component grain models: (i) "large" grains (a ;G 0.02 p,m) that 
contnbute to the VISible-Infrared extinction; (ii) "small" grains that absorb at 2175 A· d 
(iii) an additional population of small grains which account for the far-UV extinction.' ~~e 
~wo kinds of small grains responsible for (ii) and (iii) may respond differently to environmental 
mfluences. 

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

N(a) ex a-3·5 , (2.29) 

was formulated by Mathis, Rumpl, & Nordsieck (1977, hereafter MRN). MRN estimated the 
upper and lower cutoffs to the size distribution to be a · ~ 0.005 11m and a ,....,_, 0 25 • . • • mm ,- , max - . J.-Lm. 
In the M.RN model, graphite contnbutes significantly to the extinction at all wavelengths 
and reqmres ,....,_, 70% depletion of carbon into this form of dust. Especially, the extinction 
fe~ture ~een at .X = 21_75 ~ may be due to the graphite with a~ 300 A. Draine & Lee (1984) 
remvestigated 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 extinctio 

F
. n 

curve, see 1gure 3.11 of Whittet (1992). 

2.2.4 Dust Density and Dust-to-Gas Ratio 

The inte~al of Qext over all A ca? 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) - i x" ( w), (2.30) 

where~ ~d x" are real. From the Kramers-Kronig relation, we obtain for the static electric 
suscepti b1hty 

x'(O) = ~ {oo x"(w) dw. 
1r lo w 

(2.31) 

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 

x'(O) = Na3 fg -l 
fg + 2 

"( ) A X w = N 27r Cext, 

(2.32) 

(2.33) 

respectively (Purcell 1969), where fg 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 

1'~ QextdA = 47r
2
a { :: ~ ~}. (2.34) 

If equation (2.17) is used to eliminate Qext, and if we let p847ra3 Nd/3 = PdL, where Ps is the 
density of solid material within the grain, and Pd is the mean density of dust along the line 

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

_ 23 { fg + 2 } (XJ A). dA( em) 
Pd = 1.01 x 10 Ps fg- 1 Jo L(kpc) . 

(2.35) 

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

as 

_ 27 j Av ) fg + 2 
(pd) = 1.2 X 10 Ps \ L fg _ 1 , 

(2.36) 

where Lis again in kpc and () denotes an average over stars at all the same distance. From 
observations of reddened stars, (Av / L) ::: 1.8 mag kpc-1 in the diffuse interstellar medium 
(ISM) (Whittet 1992, §1.1.2), and if we assume that m = 1.50- Oi and Ps = 2.5 g cm-

3
, 

appropriate to low-density silicates, then 

Pd ~ 1.8 x 10-26 g cm-3
. (2.37) 

The dust-to-gas ratio, 1>, is defined as 

IT\ = Pd 
J.J- ' 

(2.38) 
Pgas 

where Pgas is the gas mass density. According to equation (7.19) in Spitzer (1978), Pgas = 
2.8 x 10-24 g em - 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 

(2.39) 

2.3 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 Td; van 
de Hulst showed that for classical dielectric spheres of radii a ,....,_, 0.1 J.Lm, Td rv 1Q-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 rv 0.1 J-Lm. The power absorbed from 
the interstellar radiation field (ISRF) is 

Wabs = c(1ra2
) fo"" Qabs(v) Uvdv, (2.40) 

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

(2.41) 

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

(2.42) 

Now we consider a spherical large dust grain (a rv 0.1 J-Lm). Because a rv .X for the UV 
range, where the absorption is the most efficient, Qv is not strongly dependent on v. Thus, 

Wabs ~ 7ra2 (Qv)uv47r J, (2.43) 

where (Qv)uv is the average dust absorption efficiency at UV-optical wavelength and 

41f J =" fo"" 47r Jvdll = 1"" CUvdll. (2.44) 

At FIR, a<< .X. Thus, we use the small-particle approximation to specify Qv. In general, 
Qv follows a power law in the FIR as Qv oc v/3. Thus we obtain 

w,ad = 41f(1fa2)(Qv)Fm fo"" (~r Bv(Td)dv, (2.45) 

where (Q.x)FIR is the average absorption efficiency in FIR wavelengths at frequency v0 . The­
oretically, we expect {3 = 2 for metals and crystalline dielectric substances, and j3 = 1 for 
amorphous, layer-lattice materials (Tielens & Allamandola 1987). 

For the equilibrium state, Wabs = Wrad, we obtain 

(Q.x)uv 100 
( v )f3 47r J = 47r {Q ) - Bv(Td) dv. 

>. FIR 0 VQ 
(2.46) 

H we set (Q.x)uv/(Q.x)FIR = 700 at vo = 3 x 1012 Hz (.X = 100 f.J.m) (Shibai, Okumura, & 
Onaka 1999) and f3 = 2, the integrated flux density of the ambient radiation field is obtained 
in units of Habing value (1.6 x 10-3 erg s-1 cm-2 ; Habing 1968) as 

G- 4nJ -7rn6 = 1 6 10 3 1 2 = 1.84 X 10 .Ldi • . x - erg s- em-
(2.47) 

Since radiation field in typical Galactic plane indicates G rv 1, we find Td ,....., 18 K. Higher 
temperature is observationally indicated for dust in or near H II regions (Glass 1999, p. 126). 
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2.3.2 FIR Continuum Emission 

Consider a cloud containing :N spherical dust grains of .uniform size, composition and te~-
t We assume that the grains are spheres of rad1us a rv 0.1 J.Lm, and that each gra1n 

~e~a uhre. al "l"b . "th the ambient radiation field. If the cloud is optically thin in 
IS m t erm equi 1 num WI . 
the FIR, which is often the case, the flux density received by an observer IS 

Fv = :N { ";
2

} QvBv(Td)' 

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

V = ~1ra3:N . 
3 

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

4aFvd2 

V = 3QvBv(Td) . 

(2.48) 

(2.49) 

(2.50) 

If the grains are composed of material of density p8 , the total dust mass Md is expressed as 

4p8 Fvd
2 

{ a } (2.51) 
Md = V Ps = 3Bv(Td) Qv . 

In the small-particle approximation, the quantity a/Qv is i~depende~t of a and depends only 
on the refractive index at wavelength .X. Adopting a smtably we1ght~d average of a/Qv, 

t
. (2 51) may thus be used to estimate the total mass of dust In a cloud from the 

equa wn . . · d. ·b t. 
observed flux density without detailed knowledge of the gratn stze tstn u wn. 
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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 1987 A 
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 1987 A 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 (100Q-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 rv 1 Gyr while the 
destruction timescale is a few x 108 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 108 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 de­
veloped (Wang 1991; Lisenfeld & Ferrara 1998, hereafter LF98; Dwek 1998, hereafter D98; 
Takagi, Arimoto, & Vansevicius 1999) by extending the chemical evolution model (e.g., Tins­
ley 1980). The formation and destruction processes described above can be included in the 
modeling. An extensive study was conducted by Dwek (1998), whose framework can be ap­
plied to the dust abundance of any galactic system. Lisenfeld & Ferrara (1998) focused on 
the relation between the dust-to-gas ratio and the metallicity of dwarf irregular galaxies and 
blue compact dwarf galaxies. 

H99 also modeled the evolution of dust-to-gas ratio as a function of metallicity. Though 
his model is based on one-zone1 treatment of galaxies, it includes and parameterizes all the 
formation and destruction processes above. &The importance of outflow from dwarf galaxies 
is stressed in In this chapter, we discuss the framework by H99. The following merits of H99 
is stressed here: 

1. The relation between the dust-to-gas ratio and the metallicity is derived. The rela­
tion will be very useful in estimating the dust content in galaxies whose metallicity is 
known. It is also helpful in examining the relation between the far-IR luminosity and 
the metallicity (Takagi et al. 1999; Hirashita, Inoue, & Kamaya 2000). 

2. The model is as simple as possible. The galaxies are treated as one zone and some 
approximations (e.g., instantaneous recycling approximation; see §3.3 for details) are 
applied. This simplicity helps us to examine the response of the relation between the 
dust-to-gas ratio and metallicity to various physical parameters (§3.4). 

3.2 Model Description 

In this section, we derive the model equations which describe the dust content in a galaxy. 
The model is based on the chemical evolution model as described in Tinsley (1980). First, 
we estimate the quantities related to the dust formation and destruction. Then, we construct 
a set of model equations. We treat a galaxy as one zone to concentrate on global properties 
of galaxies. The simplicity of one-zone treatment has an advantage that the responses to 
change of parameters concerning the chemical evolution are easily tested. 

3.3 Basic Equations 

As mentioned in the previous section, we treat a galaxy as one-zone for simplicity. The time 
evolution of the gas mass in a galaxy is determined by the infall rate from the halo, F, the 
outflow rate, W, the consumption by star formation, 1/J, and the recycling from stellar mass 
loss, E. Then, the time evolution of the gas mass is described by 

d:;g = -.p + E + F - W. {3.1) 

The time evolution of the mass of the heavy element i (i = 0, C, Si, Mg, Fe, etc.) in the 
whole galaxy (including that in dust) is expressed as 

dMi f w 
-=-Xi¢+ Ei + XiF- Xi W, (3.2) 

1

The approximation that neglects or averages the spatial distribution of quantities and only concentrate 
on their time evolution. 
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h X f d X'!' are the abundance of i in the infalling and outftowing materials, respec-
w ere · an t . • ) • f t d 
tively. The time evolution of Md, i (the mass of metal i locked up m dust grams 1s es Ima e 
as 

dMd,i = [dMd,i] + [dMd,i] + [dMd,i] + [dMd,i] 
dt dt * dt ace dt SF dt SN 

+ [dMd,i] + [dMd,i] 
dt in dt w 

(3.3) 

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

3.3.1 Dust Formation Processes 

Formation in Stellar Mass Loss 

G · 1· d by the stellar mass loss from evolved stars and SN e. According to Gehrz rams are supp 1e . b d · t · 
(1989) evolved stars are dominant over SNe, wh~le SN~ are cons1de:ed to . e omi.na~, :r 
Dwek & Scala (1980). Here, we parameterize the effective condensatiOn efficiency (fm,t) 
the metal element labeled as i injected from stellar sources as 

[
dMd il dt * = fin,iEi' (3.4) 

where [dMd i/dt]* means the rate of dust injection from ~tellar sources (evolved stars or SNe) 
· • '11 d' !· . I·s the condensation efficiency of heavy element labeled as t, Into Interste ar me mm, m,, 

and Ei is the injection rate of metal i from stars. 

Growth in Dense Clouds 

The mass increase of dust in interstellar spaces occurs through the accretion of h~avy ~lements 
· t" d t gr"';ns (e g Dwek 1998). This process is the most efficient m dense onto preex1s Ing us £L.l • ·' • d h 1 t 

· nt (I. e molecular clouds) where the collision between grains an eavy e emen env1ronme · ·, ' · 1 d · r t d 
occurs most frequently. The timescale of the dust growth T grow m c ou s Is es Ima e as 

ffid (3.5) 
Tgrow ~ dmd/dt' 

h · 1 · · ed we obtain the where md is the typical mass of a grain. If a sp enca gra~n IS assum , 
following expression for the growth of the mass: 

dmd 2 A c -- = 1ra Vmnm ffiH~:,m, 
dt 

(3.6) 

where a is the size of the grain; Vm, nm, and AmH (mH is the mass of a hydrogen ato~) are 
the typical thermal velocity, the number density, and the mass of a metal atom, r~pe~tively; 
em is the sticking efficiency of the metal atoms onto grains (Spitzer 1978). Th1s gtves an 
estimation of Tgrow as 

4as (3.7) 
~ ~ t ' grow- 3vmnrnAmH~:,m 

where 8 is the material density of a grain. Apparently, rgrow depends on metallicity through 
n.n. 
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The growth of dust content in the whole galaxy by the accretion of heavy elements 
[dMd,i/dt]ace, is estimated as ' 

(3.8) 

where Nd is the number of gra~ns in the galaxy and Xcold is the mass ratio of the cold gas 
~o all the gas. In the above estimate, the factor Xeold indicates that only dust incorporated 
mto cold clouds can grow through the accretion (e.g., Hirashita 1999b). Using equation (3.6), 
equation (3.8) reduces to 

L [dMd,i] ~ L Md,iXcold' 
i dt ace i Tgrow 

(3.9) 

where we assumed a spherical grain; i.e., Li Md, i = 4?ra3sNd/3. For species of metal element 
i, we obtain 

[
dMd,i] ~ Md,iXcold 

dt ace Tgrow 
(3.10) 

The abundance of metal i is defined as 

M · 
X· = _t (3.11) 
t- Mg' 

whe~e Mi and Mg are the total mass of metal i and gas in the galaxy, respectively. If we 
consider that a part of heavy-element atoms are tied up in grains, the effective abundance 
of metal possible to be accreted onto grains is lower than Xi. Defining fi as the fraction of 
metal i that is absorbed by grains (i.e., /i = Md, d Mi), the effective abundance of metal is 
expressed as (1 - fi)Xi. Thus, we assume that 

[
dMd,i] ~ Md,iXcoid(l- /i) 

dt ace T grow 
(3.12) 

Here, we estimate r grow, the typical timescale of the dust growth in molecular clouds. We 
adopt the Galactic value for the simple parameterization. Estimating Tgrow (eq. [3.7]) at the 
solar metallicity (fractional abundance of metals by mass of 2 x 10-2 is assumed), we obtain 

Tgrow = 3 X 107 e;l, (3.13) 

w~ere we put a= 0.1 p.m, s = 3 g cm-3 , A= 20, and T =50 K (equivalent to vm = 0.14 km 
s- ). 

3.3.2 Dust Destruction Processes 

Incorporation into Stars 

The dust mass incorporated into stars is estimated as 

[
dMd ·] T SF = -1/J'Di ' (3.14) 

wher~ 1/J and f>i ~e the star formation rate and the mass ratio of metal i in the dust phase to 
that m the gas (1.e., 1>i = Md,i/Mg), respectively. We should note that we adopt a one-zone 
model, so that 1>i is an averaged dust-to-gas ratio in the whole galaxy. 
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Destruction by SN shocks 

The destruction rate of dust by SN remnants (SNR.s), [dl\1d,i/dt]sN, is written as 

[
dMd, i] = -1>iE.l\1sNRRSN , 

dt SN 

(3.15) 

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

unit time. We define rsN as 

(3.16) 

Using 7SN, equation (3.15) is reduced to 

[d~:,•L = --~-s~_,i (3.17) 

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, [dMd,i/dt]in, is expressed as 

[
dMd, i] = 'D~F 

dt . t ' 
m 

(3.18) 

where'D~ 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 

[
dMd,i] = -'D!'W 

dt " , 
w 

(3.19) 

where '])!' and W are the dust-to-gas ratio of the wind and the outflow rate of gas, respectively. 
t 

3.3.4 Instantaneous Recycling Approximation 

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

With this assumption, we express E and Ei as 

E = ~~, 

Ei (~Xi+ 'lJi)¢, 

(3.20) 

(3.21) 

where ~ is the returned fraction of the mass that has formed stars, which is subsequently 
ejected into interstellar space, and 'lJi is the mass fraction of the element i newly produced 
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and ejected by stars. 
2 

The two quantities, ~ and }Ji, can be obtained using the followi'ng 
formulae: 

~ = rmu [m- w(m)J¢(m) dm' 
fm1 

l
mu 

}Ji = mpi(m)¢(m) dm, 
ml 

(3.22) 

(3.23) 

where ¢~m) is the initial mass function (IMF), which is normalized so that the integral of 
m¢(m) m the full ~ange of the stellar mass becomes unity, mu is the upper mass cutoff of 
stellar mass, w(m)_Is the remnant mass of a star whose mass ism, and Pi(m) is the fraction 
of mass converted mto the element i in a star of mass m. 

Using the above parameters, 1?. and }Ji, equations (3.1) and (3.2) become 

dM 
dt g = -(1 - 1?.)1/J + F - W, 

dMi 
dt = -(1 - ~)Xi1/J + }Ji'lj; +X[ F- Xi'W. 

(3.24) 

(3.25) 

Finally equation (3.3) is reduced to 

+ 'D~F - tT\~w z .Uz • (3.26) 

3.4 Closed-Box Model 

He:e, we e~amine the case where the inflow and outflow of gas are neglected (i.e., F = W == 0) 
This case lS often called "closed-box" model. This model has been a first step to understand 
the p~ameter dependence of the chemical enrichment in galaxies. Putting F = w _ 

0 equatiOns (3.24)-(3.26) become - ' 

dM 
~ = -(1 -1?.)1/J' 

dMi 
dt = -(1 -1?.)Xi1/J + 1Ji'I/J' 

d~d,i = f;n,;(:RX; + 'J;),P + Md,i Xcoid(l- /;) - ,P'D;- Md,i. 
7grow TSN 

For analytical convenience, we modify these equations as 

_!_dMg_ 
1/J dt - - ( 1 - ~) ' 

MgdXi _ . 
1/J dt - ~t' 

Mg d'Di 
7df: = fin,i('JV(i + ~i)- [~ + f3sN- f3grow(1- fi)]'Di, 

2
:R =Rand }Ji = Yi(l- R) in the notation of Lisenfeld & Ferrara (1998). 

(3.27) 

(3.28) 

(3.29) 

(3.30) 

(3.31) 

(3.32) 
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where we have defined the following two parameters: 

- Mg 
f3sN = ---::1., 

TSN'f' 

{3 = MgXcold 
grow- ,.1, • 

Tgrow 'f' 
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(3.33) 

(3.34) 

Generally both f3sN and /3grow are functions of time, but we assume that these are constants 
for the reason as follows. Recall the definition of TSN in §3.3.2; TSN = Mg/(£MsNRRsN)· 
Because the dependence of MsNR on the gas density is weak (McKee 1989), TSN ex: Mg/ RsN 

if we assume the efficiency of the dust destruction, f to be constant. If we assume that the 
rate of supernova RsN is proportional to SFR 1/J, Mg/TsN1/J = f3sN =constant. On the other 
hand, f3grow ex MgXcoid/1/J. If we assume the Schmidt law with index n = 1 (Schmidt 1959), 3 

1/J ex MgXcold· Thus, {Jgrow can be regarded as constant. 
Now we estimate f3sN and f3grow by using the typical quantity of the Galaxy. First, TSN is 

estimated as 4.3 x 108 yr (McKee 1989). Moreover, the typical timescale of gas consumption, 
Mg/1/J, for a spiral galaxy is 109-1010 yr (Kennicutt, Tamblyn, & Congdon 1994). If we put 
TSN = 4.3 x 108 yr and Mg/1/J = 5 x 109 yr, we find f3sN ~ 10. On the other hand, we obtain 
f3grow ~ 8, where we have used equation (3.13) and have assumed ~m = 0.1. 

Combining equations (3.31) and (3.32), we obtain the following differential equation for 
'Di as a function of Xi: 

d'Di ( R )'D f3grow'Dl 
1Ji dXi = /ini(1?.Xi + 1Ji) - 1?.- f3grow + JJSN i - Xi , (3.35) 

where we used the relation of fi = 'Dd Xi. We should note that 1?. and 1Ji 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 = 0. Moreover, we make an assumption that 
total mass of dust including both oxygen dust and carbon dust4 is proportional to that of 
oxygen in the dust phase. In other words, 

(3.36) 

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 ~ and 'lfi 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 1/J and the gas mass Mg a.re often related as .,P ex: M;. 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. 

4We 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 m1 defined in equations (3.22) and (3.23). Ac­
cording to LF98, we put m1 = 1 M0 and mu = 120 M0. We use a power-law form of the 
IMF: </>(m) <X m-x. Two kinds of the IMFs are investigated: x = 2.35 (Salpeter 1955) and 
more steep case: x = 2.7. If we assume that the lower cutoff5 of the stellar mass is equal to 
m1( = 1 M0 ), (~, ~o) = (0.79, 1.8 x 10-2) and (0.68, 9.6 x 10- 3) for the IMFs of Sal peter 
and Scalo, respectively (LF98). Evidently, stars with mass lower than 1 M 8 exist with a sig­
nificant fraction in mass. So we adopt the lower cutoff of 0.1 M 8 instead. The values become 
(~, 1Jo) = (0.32, 7.2 x 10-3) and (0.13, 1.8 x 10-3 ) for x = 2.35 and 2.7, respectively. We 
use the former values for ~ and ~o unless otherwise stated. 

Dependence on /3grow 

First, we examine the dependence of Xo-'D relation on the parameter /3grow, 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 /3grow = 10, 15, 5, 
and 0 respectively. The other parameters are set as fin, o = 0.1, (9?, ~o) = (0.32, 7.2 x 10-3), 

and f3sN = 5. The metallicity is represented by [0/H]. We note that [0/H] = x means that 
the abundance of oxygen is lOx times the solar value (the solar oxygen abundance is assumed 
to be 0.013 in mass; e.g., Whittet 1992). We moreover assume that [0/H] = log(Xi/ Xi0 ) 

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 I and H2. 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 /3grow 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 /3grow 
increases. We also show the case of /3grow = 0 and f3sN = 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 fin, i 

In Figure 3.1 b, the solid, dotted, and dashed lines show the :D-X o relations for fin, o = 0.4, 
0.1, and 0.01, respectively (in the case of f3grow = 2f3sN = 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 1) ~ C fin, oXo (see 
also LF98), so that 1) scales linearly with fin, O· Thus, the precise value of fin, o can be 
constrained by low-metal galaxies. Indeed, the difference among the three cases is significant 

5The lower cutoff mass is different from mt. In this chapter, m1 is defined as the turn-off mass at the age 
of the galaxy. 
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Figure 3.1: (a) RelatiOns. {3 (dust accretion efficiency onto the preexisting dust grruns). 
mass fractlOn Xo) for various grow b . al galaxies taken from Issa, MacLaren, 
The data points shown with squares ~e !or ~::"x;~;~, represents a typical locus of dwarf 
& Wolfendale (1990). The area rna~ e fw~a:xies (Lisenfeld & Ferrara 1998) . Here, /in,O = 
irregular galaxies and blue com~a)ct wdar{3 g- 5 are assumed. The solid, dotted, and dashed 
0 1 (m \J ) - (0 32 7.2 X 10 ' an SN - d d 1i h S 

• ' ~, liO - · ' _ 1o 15 d 5 respectively. The dash- otte ne s ow 
lines represent the cases of {3grow - ' ' an. . ' d t gr"';ns ({3 = 0 and /3sN = 5). (b) 

· to the preeXIsting us c.w grow 
the case of no accretiOn ~rocess on ( d ation efficiency of oxygen into dust grains). Here, 
Same as (a), but for varlo~3 fin, o co~ 1~~ and f3sN = 5 are assumed. The solid, dotted, and 
(~, 2Jo) = (0.32, 7.9 x 10 ), {3grofw/ - 0 1 0 5 and 0.01 respectively. 
dashed lines represent the cases o in, o - · ' · ' ' 
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the low-metal spirals cannot be reprod d b h Y fin, o :S 0.01, Since the data of uce y sue small r. 0 Jm, . 

Dependence on IMF 

The difference of mass function is reflected b d. ffi 
(0.32, 7.2 x 10-3) and (0.13, 1.8 x 10-3 for~ ~ 2e~ent j( and ~0· w: examine the case of 
result in Figure 3.1 c. The results for x = )2.35 and 2 .7 ~and 2. 7, respectively. ~e present the 
lines, respectively. The differences among tile It. e represented by the sohd and dotted 
b . resu s are too small ( comp bl t h . 

o servatwnal errors) to determine which line is preferable. ara e o t e typical 

3.4.2 

In fall 

Comment on the Expected Effect of Infall and Outflow 

When the metallicity and the dust-to-gas ratio in th · £ 
interstellar value (i.e. Xf << X· and 1)f) th 1 . e In an gas are much smaller than the 

• • ' t t i , e re atwn between the dust t · 
metalhc1ty is not affected significantly Th. . b - o-gas ratio and the 
changed from the closed-box case. H~wev:: ~~f t~causet:ri?~tions (3.25) and (3.26) are not 
as expected in the early phase of galaxy evoiut' e t:e ICity. or dust-to-gas ratio is smaii 
may be important. Ion, e pre-ennchment of the infall material 

Outflow 

The effect of the outflow was considered in LF98 Th . 
tween the dust-to-gas ratio and the metallicity sign. ifica:~uytfli.fodw tnt fltuences t~e ~elation be­

us - o-gas ratiO m the wind 
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is different from the value in the interstellar gas (i.e., Vf 'I= Vi)· However, if 1>f ~ 1>i, 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 results6 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 /ini ~ 0.01. 

[3] As for IMFs, the change of x 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. 

6We should keep in mind the uncertainty concerning the observational data (e.g., the uncertainty in CO­
to-H2 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 T and number density n of each phase in ISM 

Phase 
Cold 

Warm 
Hot 

T (K) 

37 

n (cm-3) 

10 
0.1 

10-3 
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Since the growth and destruction rates of ains de d 
ga.s, understanding the physical properties of~ulti h pend osn t~e ~em perature and density of 
in the ISM. P a.se I M IS lmportant for dust content 

4.1.1 The Cold Medium 

The cold neutral phase of the ISM is usuall . 
al. 1982). Spiral or irregular galaxies k y traced With H I absorption lines (Mebold et 

. 'I are nown to contain such a ld Th. 
pnmar1 y associated with molecular gas exist' . co gas. 1s phase is 
traced with CO transition lines. mg m compact clouds. Such clouds are usually 

Dust grains grow in such a cold medium throu h th . 
3). The efficient growth of grains are made os! ~ accretwn of hea.vy element (chapter 
probability of collision between grains and ~ l ble In the dense environment where the 
growth is estimated to be I07_10s yr (chapt:e

3
)_ atoms is high. The timescale of the dust 

4.1.2 The Warm Medium 

The Warm Neutral Medium 

The warm neutral medium is traced with H I r . . 
in the Galaxy (Hartmann & Burton 1997) ~~e emi~SI?n a~ 21 em. This line is ubiquitous 
width than the absorption line originating from :h:~~~~on h~e usual!! shows a .larger line 
as a larger thermal velocity corresponding to several x 103~~mm. Thls may be mterpreted 

The Warm Ionized Medium 

The warm ionized medi urn is found via diff H . . 
Sensitive observations of Ha emission show ~s~ I a -~miSSIOn and pulsar dispersion studies. 
confined to the vicinity of hot stars Th' .ad~r y Wl espread distribution in the Galaxy not 
K · IS m Icates that ionized hyd · 

must be present in large portions in the ISM. rogen gas With T rv 104 

4.1.3 The Hot Medium 

The existence of a hot component with very low densit (l -3 -2 _ 3 
from observations of the soft X-ray back d Y 0 - 10 . em ) has been inferred 
ionized species (0 VI NV C IV S' IV tgro~n and the absorptiOn of starlight by highly 

' ' ' 1 ' e c.) In the ISM McK & 0 ·k the evolution of a supernova (SN) remn t . · ee stn er (1977) studied 
for intercloud densities and SN rates co:is::n~ :~:t::tercloud ~edium. They showed that 
of SN would disrupt the medium in a h . solar neighborhood, the population 
d . . very s ort time forcing t · f 

ommatwn (but see Slavin & Cox 1992 h d ' a rans1 Ion to hot phase 
could well be stable, filling most of int~:te~lare~':,:)d that the wru;m in~ercloud medium 
energy balance, McKee & Ostriker determined th ~ ·~ Frodm the discusswn of mass and 
10-2.5 cm-3 and 105.7 K re t" l e ensi y an temperature of the hot gas as , spec Ive y. 

4.2 Various Star Formation Activity: Observation 

One of the tests for the evolution of ISM on a al t. . . 
activities of galaxies, since stars are co . d ~ ac £Ic scale lS to exanune the star formation 

nsl ere to orm from the self-gravitational collapse 
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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-pha.se model of ISM. Our standpoint is based on 
a very interesting observational result presented in Kennicutt, Tamblyn, & Congdon (1994, 
hereafter KTC94). 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 a.s 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-D.l. 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, & Saito (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-E 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 .!S 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 (.!S 108 yr) variation of their 
activities. Recent re8ult 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 a.s 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, w', should 
be larger than the SFR of the quiescent era, q,. Moreover, adopting a Schmidt (1959) law 
of index of 2, they predicted that the amplitude ratio of w's, defined as Max(w')/Min(w'), 
should be ~ 50. Here, Max(w') and Min(w') indicate the maximum and minimum values of 
w', respectively. However, since Max(\11')/Min(w') 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 KTC94. 

Treating a data set of Ho 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 KTC94 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/J' /if;, where 1/J' and 1f; 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 
& Ikeuchi 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 T and density n (McKee 
& Ostriker 1977); the hot rarefied gas (T ~ 106 K, n ""' 10-3 cm-3), the warm gas (T ~ 104 

K, n rv 10-1 cm-3), and the cold clouds (T""' 102 K, n ~ 10 cm-3). The fractional masses 

~. 

.~. 
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d t d b X X and X respectively. A trivial relation is 
of the three components are eno e Y h, w, c' 

Xh + Xw + Xc = 1. (4·1) 

'd d · IT83 ( ee also Habe Ikeuchi & Tanaka The following three processes are cons1 ere m s ' ' ( 

1981
). [1] the sweeping of the warm gas into the cold component at the rate of a.Xw a. ~ 

· -8 -1 )· [2] the evaporation of cold clouds embedded in the hot gas at the rate o 
~ ~ 1i2 cr rv l.o-7 -10-8 yr-1 ); [3) the radiative cooling of the hot gas .b! mixing with the 
* c h * f X X ( "'10-6-lo-7 yr-1). Wnt1ng down the rate 

ambient warm gas at the rate o c. w h c •. 
equations and using equation (4.1), IT83 obtained 

dXc = -BXcX~ + A(l- Xc- Xh), (4·2) 
dr 

dXh = -Xh(1- Xc- Xh) + BXcX~, (4·3) 
dr 

where T = c*t, A= a.jc., and B = b./c*. c 11 . th t s 
The solutions of equations ( 4.2) and ( 4.3) are classified into the 10 owmg ree ype 

(IT83): 
[1] A> 1; all the orbits in the (Xc, Xh)-plane reduce to the node (0, 1) (node type), 

[2] A< 1 and B > Bcr; all the orbits reduce to a stable focus [(1- A)/(AB + 1), A] (focus 

type), 

[3] A< 1 and B < Bcr; all the orbits converge on a limit-cycle orbit (limit~cycle t~e), 
B = (1 - 2A)/A2. Obviously, case [3] is important if we wish to predict a c~chc star 

where . cr h' t According to the summary of the limit-cycle model by Ikeuch~ (1988~, 
formati~n ISf ory. 1 . al times 107 years as depicted in his Figure 4. Slnce thls 
the penod o a eye e IS sever ' 1 t. h as the 

· · much shorter than the characteristic timescales in galaxy evo u 1on s~c 
penod IS . . al ( 1 G . KTC94's TR) the cyclic change of SFR wlll produce 
gas consumptiOn timesc e > yr. ' . ·r h · 

catter in the observed star formation activities in spiral galax~es even 1 t eir ages :re 
a. s 'l In Fl·gure 4 1 we show the time evolution of the cold and hot components w en 
s1m1 ar. · ' 
A = 0.38 and B = 1.0. 

4.3.2 Brief Review of Nonlinear System 
. · e es toward the sky we see clouds that has a spatial structure. The 

When we raise our .Y t' t well as ~oets. It is evident that the structure should be 

=~~:::o:t::: ~1=~:c:p~, not a microscopic, viewpoint. The struc.ture is sustai~ed by 
the convection that continuously transport thermal energy. The system with macroscoplc flow 

f d (or) material is generally called a nonequilibrium syste~ or ~ o~en system. 
~ine~e:~i=ar system cannot sharpen the boundary of clouds, a nonlinearity IS n~cessary 

h 1 tl. ed Thus the system should be open and nonlmear to 
to make the clouds s arp Y ou 10 • ' 

oduce the structure of clouds. . 
reprN t l a spatial structure but also a temporal behavior characterizes nonlmear systems. 
As anoe:~ple of a model ofno~linear system, we consider equations (4.2) and (4.3). Defining 

two functions F(Xb X2) and G(Xt, X2) as 

F(X1, X 2) := -BX1X~ + A(1- X1- X2), 

G(X1, X 2) = -X2(l - Xt - X2) + BX1X~, 

(4.4) 

(4.5) 
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Figure 4.1: Time evolution of the fractional masses of the cold d th h 
X and X Th val r an e ot components 

cold. . hot· e ues tOr the parameters are set as A = 0 38 and B _ . . . ' 
cond1t10n is (X cold, X hot) = (O.O, O. ?). · - 1.0. The Initial 

we rewrite the model equations as 

(4.6) 

(4.7) 

Here a general discussion for the non-linear system is made w"th th b 
S h t f · . . I e a ove set of equations 

uc a ype o equatiOns Is mvestigated in the field of the h · 1 · ( · · · 
Prigogine 1977). c emiCa reaction N ICobs & 

First, we determine an equilibrium solution by solving F(X X ) _ G(X X ) 
denote the solution as (XO xo) Th b'. . I, 2 - I, 2 = 0. We 

. I' 2 • e sta Ibty of this solution is examined by li · · 
equatwns ( 4.6) and ( 4 7) For th 1' al . neanzmg 
which have small (infi~it~simal) :.:;~:d~: ysis, we define perturbations xl and x2 both of 

X1 = Xf+x1, 

X2 =X~+x2 • 
(4.8) 

(4.9) 

Dropping quantities that enter in equations ( 4.6) and (4 7) of d h' h . 
we obtain · any or er Ig er than lmear, 

dx1 oF I oF I 
dr = oXl 0 X+ 8X2 0 y = ax +by' (4.10) 

dx2 8G I 8G I 
dT = OXt 0 X+ oX2 0 y =: CX + dy' ( 4.11) 

- . 
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where the subscript "0" indicates the value at (Xb X2) = (Xp, X~). We the functional form 
of x andy as 

( 4.12) 

where >. is the solution of 

l
a-.X b I =O . 

c d-.X ( 4.13) 

The equilibrium state (Xp, X~) is stable if Re .X < 0. However, if Re >. > 0, the state is 
unstable. In this case, the system starting near ( xp, X~) 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 i[J and the oscillatory component of the SFR as 1/J'. Then, 
the total SFR is denoted as 

( 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 ex nP (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 

,j,l ex xt.s 
'f' c ' ( 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., 1/J' as a function of r) is 
calculated. For example, according to Figure 6 in Ikeuchi (1988), this mass fraction of the 
cold gas, Xc, can vary from r.J 0.1 to "" 0.9. Thus, we expect the magnitude of the variation 
of 1/J' 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 (SNR.s) be less than 
100 pc (if a characteristic lifetime of SNRs of Tlife "" 107 yr and a mean expansion velocity 
of 10 km s-I are adopted). This is because the SNR.s should affect the whole disk for the 
one-zone treatment. The distance of less than 100 pc means that there are N rv 104 SNR.s in 
a galaxy disk, if the disk size of 10 kpc is assumed. This number is possible if SNe occur every 
103 yr ( Tlire/ N rv 107 [yr]/104). Considering that the SN rate in a spiral galaxy is typically 
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1/100-1/50 yr-
1 

(Cappellaro et al. 1993), the mean distance between SNRs is less than 100 
pc even if 10-20 massive stars are clustered in a region. 

Indeed, from the observational viewpoint, Rocha-Pinto et al. (2000) have shown that the 
star formation history of the Galaxy does present a short-term variability whose timescale 
is rv 1 Gyr (see also Takeuchi & Hirashita 2000). Though they adopted the sample stars in 
the solar neighborhood, they showed by estimating the diffusion time of the stars that the 
sample represents the stars in the Galaxy-wide scale. Based on this observational evidence 
as well as the discussions in the previous two paragraphs, we accept the one-zone treatment 
by IT83 and apply it to the ISM on a galaxy-wide scale. 

Once we accept the one-zone treatment, we need global observational measures of a galac­
tic disk to examine our scenario. In this paper, the Ha equivalent width in KTC94 is the 
global physical parameter. KTC94 declared that their data excluded the bulge component 
and that they represent the disk component. 

4.3.4 Application to KTC94 

For the comparison between the model prediction and the observational data, we relate b 
defined in KTC94 (the ratio of the present SFR to the past-averaged SFR) to the model 
prediction. The parameter b is calculated from the equivalent width of Ha emission. Accord­
ing to KT97, we can assume that b ~ ¢'/if; if the large variance of b in Figure 6 of KTC94 
originates from a short-term variation. We combine IT83's model with the star formation 
history via the Schmidt law (equation 4.15). For example, when Xc = 0.1 at the minimum 
SFR and Xc = 0.7 at the maximum (Fig. 1 of IT83), the value of X'C changes from 0.03 to 
0.59 during the cycle if p = 1.5. Accordingly, we find that the maximum SFR is about 20 
times larger than the minimum SFR, since¢' is proportional to Xl (eq. [4.15]). Thus, using 
the cyclic star-formation scenario, we find the maximum of b also becomes 20 times larger 
than the minimum bin this numerical example. 

To summarize, the large variance of bin Figure 6 of KTC94 is naturally derived, if the 
limit-cycle model is a real evolutionary picture of ISM. In the next section, we examine 
this point more precisely, in order to reproduce the variance of star formation activities 
for each morphological type of spiral galaxies. In the following discussions, we examine 
max(.,P')/min(¢'), where max(¢') and min(¢') are maximum and minimum values of the 
oscillatory SFR (the maximum and minimum are defined by the maximum and minimum star 
formation rates during a period of the limit cycle, respectively), and thus max(¢')/min(¢') = 
max(Xf)/min(X'C). In the rough estimate in the previous paragraph, max(.,P')/min(¢') is 20 
with p = 1.5. Here, we define 

_max(¢') 
Fe = min(¢') ' ( 4.16) 

for convenience in the subsequent sections. Using this relation and equations (4.2) and (4.3), 
the variation of the star formation activity (i.e., ¢' as a function of r) is calculated, and Fe 
is evaluated finally. 

4.4 Scenario of Limit-Cycle Star Formation 

To propose a scenario of star formation history for spiral galaxies based on the limit-cycle 
model, let us start with a very interesting observational result. According to KTC94, the 
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. of SFR than the late-type sample. As a first step, we 
early-type sample has a l~ger variance in the framework of IT83. Then, we perform several 
reconstruct this observatiOnal tendency h" h . lement the limit-cycle oscillation of the 

. 1 al t mine parameters w IC Imp 
numenca an yses o exa S . . 1 1 . s the full possible ranges of the parameters 
cold phase of the ISM. For the I M m spirAa ga axt/ e ' f 0 05 to f'-J 0 5 and that B = b,.. /c. of 

( H b t al 1981) are = a. c. o f'-J • • ~ ~o~! ~ ::~~sp:ct~v:ly. in the following discussions, we focus on the parameter sets for 

the ~:!t~~~~: ::~t~ c;~i~!r~;l~~~:U,etrized limit-~y.cle behSaFvRI. or ;re ;.igusp::y:~ ~n ~~g~:~ 
h SFRs e normalized to the mimmum . n 1 . ' 

4.2a an~t~d=~~c) ~fe about ~. which might correspond to the res~lt of the Sa sample in 
~T~~. Figure 4.2b corresponds to the amplitude of about 4 for Sc m KTC94. 
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1. d by the minimum SFR. The timestep is nor-F' 4 2 T" me variation of SFR norma Ize h d 
Igure . : I I' t. f the hot gas determined by the rate of mixing between ot an 

malized to the cooIng I~e o A- 0 38 and B = 1.0 are adopted to match the variance 
warm components (f'-J 10 yr). (a) -

1
. · d F. . 

10 
(b) A= 0.40 and B = 1.0 match the 

of the Sa sample in KTC94. The amp Itu e c. Is . . 
variance of the Sc sample in KTC94. The amphtude Fe IS 4. 

. I' de between the Sa and Sc galaxies for the KTC94 
Clearly, the difference ln t~e amp lt~ Is which 'eld Figures 4.2a and b. We also present 

data sets can be reproduced via them~ e h' h Jl e observe that the value of Fe is more 
Fe for various A and B in Table 4.2, om w hic t~ t 8F. /8A f'-J -133/0.08 f'-J -1600 for 

A th t B Indeed from the roug es 1ma e, c 
sensitive to an o · ' 80 r A_ 0 34 Thus the two figures are presented 

d 8F. j8B 119/1 5 f'-J - 10r - · . ' · 
B = 1.0 an c rv - • • tant point· The early-type spiral galrua.es for different values of A. Here, we state an Impo: . h. 1 A 

11 A h'l th late-type ones are consistent Wlt a arge . 
favor a sma • w 

1 
e e . . d . th A and B is qualitatively interpreted 

The variation of the am ph tude .Ind ~c:: ::~ :~e transition from the warm to the hot 
as follows. Small A (or small B) m Ica t . . fficient Thus when A (or B) is 

( h ld to the warm componen) IS me . ' 
component or t ~ co X ( X ) to become large before the phase transition can become 
small, we m~t wrut for ~.or c is described by AXw (or BXcX~). Thus, the amplitude 
important, ~Ince the transition ra~all A (or B). This interpretation of the relation between 
and the penod become .large ~or s al" . 1 b t This means that the scenario proposed A (or B) and the ampbtude IS qu Itatlve y ro us . 
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Table 4.2: Fe as a function of A and B 

B 
0.5 1.0 1.5 2.0 

0.32 355 137 61 29 
0.34 129 52 24 10 

A 0.36 57 23 9 3 
0.38 27 10 4 -
0.40 15 4 - -

~OhTE: .We ~~h~~. the value of Fe if B < Be (the condition for the limit-cycle behavior) is satisfied. 
t erwtse, - IS marked. See text for the definitions of quantities . 

in this ~aper is unchanged even if a more elaborate model such as Ikeuchi Habe & T. ka 
(1984) Is used. ' ' ana 

~s. a next s~ep, we examine the SFR variance via the effect of A. According to the 
defimt10n of A In §2.2, we exp:ct a larger rate of SNe for large A (e.g., Sc) than for small 
A (e.g., Sa). Th~n, the re.sult m the previous paragraph predicts an important point that 
the early-type spiral galaxies have smaller present SN rate than the late type · a1 Th' 
· fi d · h c 11 · - spir s. IS Is con rme m t e 10 owmg two points: 

[1] The high_er ~FR per unit optical luminosity in later type spiral galaxies (Figure 6 of 
KTC94) mdiC~t~s that the Type II SN rate per unit optical luminosity is higher in later 
types. Thus, It 1s natural in the context of our model that the late-t · a1 h 
larger A than the early-types. ype spir s ave 

[2J The expected trend of th~ SN rate for early-to-late types has been found by Cappellaro 
et al. (1993). They examine t~e SN rate per blue luminosity in various types of spirals 
and present a summary of their results in their Table 4. We can confirm via th · T. bl ' 
4 that our scenari? of limit-cycle SFR is consistent with the observational tre~~ ots~ 
rate as the galactic morphology varies. Moreover, the present SFR is reflected b the 
present rate of Type II SNe. According to Cappellaro et al., Sc-types show higher ~ype 
II SN rates than Sa types. Then, we can infer that the SFR of Sc 1 · · 1 
than that of Sa galaxies, which is compatible with Figure 6 of KTC94~a axles Is arger 

From these pieces of evidence, we find a consistent picture of the SFR var· · th · a1 1 f · Iance m e sp1r 
samp e as a unctwn of morphology via the sc:nario of the limit-cycle star formation histo . 
We note that the large gas-to-stars mass ratio in late-type spiral galaxies is probabl t~ 
reason for the large SFR, and that a larger mean SFR yields a small · b y 
larger SN rate. er variance ecause of a 

The tr~nd of Fe ~th varying B is also consistent with the different SN rates amon 
morphologic~ types. SI~ce B physically means the efficiency of the evaporation of the col~ 
component via conductiOn (one of the so-called SN feedback es:rects) B · · h · 

· SN Ul , mcrea.ses wit m-
creasmg . rate. Because a large value of B tends to reduce Fe as can be seen in Table 1 a 
smal! Fe IS caused when the SN rate is large. Thus, from a similar argument to that in the 
previOus paragraph, late-type spiral galaxies ought to have small values of :c:> c 'd · 

r c. ons1 ermg 

,0 

·-"" 
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the sensitivity of Fe to A (Table 4.2), however, we insist that A, not B, is the dominant 
contributor to the determination of the amplitude Fe. 

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 c. 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 c. 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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halo formation is proposed by Searle & Zinn (1978). They argued that Galactic system is 
formed from the capture of fragments such as dwarf galaxies over a longer timescale than 
that proposed by Eggen et al. In any case, determining the timescale of the infall of matter 
and the chemical enrichment is an important problem to resolve the formation mechanism 
of the Galactic system. Indeed, there have been a number of papers that investigated the 
formation and chemical evolution of the Galaxy (e.g., Matteucci & Franc;ois 1989) and spiral 
galaxies (e.g., Lynden-Bell 1975; Sommer-Larsen 1996). 

Observational study is now progressing. Recently, Rocha-Pinto et al. (2000) found from 
observed age distribution of the late-type stars that the star formation history of the Galaxy 
is indeed intermittent. Takeuchi & Hirashita (2000) compared the Rocha-Pinto et al.'s data 
with the prediction from the infall model, showing that the oscillatory behavior is statisti­
cally significant. Hirashita, Burkert, & Takeuchi (2001) constructed an infall model with an 
oscillatory star formation history. 

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

1/Jobs = 1/Jinfall + £, ( 4.17) 

where 1/Jobs and 1f'infall are the observed star formation history in Rocha-Pinto et al. (2000) 
and that in the best-fit infall model by Takeuchi & Hirashita (2000), respectively, and the 
residual,£, is produced by a probability distribution with zero mean and dispersion a2. They 
simply assume that a

2 
is time-independent, showing that a is comparable to 1/Jinfall· 

If we assume that the large variation of the SFR is typical of spiral galaxies, the star 
formation activities of them should show a variety. The large value of the variance (a) is 
consistent with previous works that suggested the variety of star formation activities of spiral 
galaxies (Kennicutt et al. 1994; Tomita et al. 1996; Devereux & Hameed 1997). Furthermore, 
the kurtosis of the residual, K = -0.81, which means that £ is distributed flatly and is 
not strongly concentrated around the mean. Indeed, in Figure 8 of Tomita et al. (1996), 
there seems to be little concentration of star formation activity around the mean, which is 
consistent with the flat distribution shown by Takeuchi & Hirashita (2000). 

4.5.3 Comment on Dwarf Irregular Galaxies 

For the sample of dwarf irregular galaxies (dlrrs), a scatter of star formation activity, which 
may indicate intermittent star formation activities, is seen. For example, Marlowe et al. 
(1995) showed the age of the burst ranges from "on-going" to "' 1 Gyr. The equivalent 
widths of Ha also show a wide range of present star formation activities of dlrrs (Marlowe, 
Meurer, & Heckman 1999). 

Hirashita (2000) examined the nature of the star-formation activities of dwarf irregular 
galaxies ( dlrrs) by considering two processes: stellar feedback and cooling. The former is 
the heating process by stars (SNe, stellar winds, UV radiations, thermal conduction, etc.), 
and the latter is important to initiate the next star-formation activity. First, he phenomeno­
logically applied the observed propagation velocity of star formation to an estimation of the 
propagation timescale. The typical timescale of the propagation is 107-B yr in dlrrs. Next, 
he estimated the cooling time of gas heated by the feedback mechanism. For dlrrs, the typi­
cal timescale for the cooling is nearly 1 Gyr, which is longer than the propagation timescale 
mentioned above. Comparing the two timescales, he finally suggested that the star-formation 

(\ 
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activity of dlrrs are intermittent. 1 The small size (i.e., the short propag.ation times~ale) a~d 
the small metallicity (i.e., the short cooling timescale) are both responsi.ble for the mter~It­
tence. Efficient interstellar mixing may prevent intermittence, because It ~~kes the. cooh~g 
time shorter by an order of magnitude. Thus, an exami~atio~ of ~he mixmg efficiency IS 
important for a thorough understanding of the star-formatiOn histones of dlrrs. 

4.6 Cyclic Change in Dust-to-Gas Ratio 

Dust grains grow in .cold clouds efficiently through the accretion of heavy elem.ent. This 
means that the dust-growth efficiency on a galaxy-wide scale depends on the fractwnal.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 ~heoret1cal work 
on multiphase ISM and suggested the time variation of the dus~-to-gas r~t1o 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 ~f 
ISM we should first model the time evolution of the dust-to-gas ratio in a galaxy. The basic 
equ~tions in chapter 3 are adopted for this purpose. We also need a m~del for t~e ISM p~ase 
change. We apply the Ikeuchi-Tomita model (eqs. [4.2] an~ [4.3]), wh1ch descnbes the time 
evolution of the fractional masses of the three components m the IS~. . 

For the time evolution of the dust-to-gas ratio, we adopt the model m chapter 3. EquatiOns 
(3.31) and (3.32) become 

dXi 
TSFdt = ~i' 

7iSF d'Di = fin i(~Xi + ~i) - [~- /3grow (1 - fi) + f3sN]1)i' 
dt ' ' 

(4.18) 

( 4.19) 

where TSF = Mg/1/J (timescale of gas consumption; e.g., Roberts 1963). The t~mescales above 
are estimated in the case of typical spiral galaxies as TSF rv 1-10 Gyr (Kenmcutt, Tamblyn, 
& Congdon 1994). 

The timescale of dust growth is shorter if a galaxy contains a large amount of the col~ gas. 
This can be seen from equation (3.34), which includes the dependence on Xcold, the fractiOnal 
mass of the cold component. This dependence indicates that the dust growth occurs m~t 
efficiently in the cold and dense environment. Since Xcold is changed temporally according 
to the Ikeuchi-Tomita model, we define a constant f3~ow as 

,8~0wXcold = /3grow · (4.20) 

The destruction timescale of the dust fisN is kept constant for simplicity, since we wo~ld 
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 f3sN. Moreover, 

1The 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 
1 ......... 1.2 3.0 100 runaway 
2 ......... 0.4 3.0 - 100 stationary 
3a ........ 0.3 3.0 100 limit-cycle 
3b ........ 0.3 3.0 1000 limit-cycle 
4a ........ 0.3 0.5 100 limit-cycle 
4b ........ 0.3 0.5 1000 limit-cycle 

the time variation of the SN rate also contributes to the time variation of the fractional masses 
of t~e three ISM components. Because of such complexities in the time dependence of a 
we simply treat f3sN as constant. 1-'SN' 

The model by IT83. is used to calculate the time evolution of the filling factors of the 
~hree ISM ~bases. !heir model was reviewed in §4.3.1. The result is used to calculate the 

ust form~t10n effi~1ency, which is related to Xcold as explained in the previous subsection. 
Followmg e~uat10ns ( 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): 
(0.3, 3.0) and (A, B) = (0.3, 0.5) (denoted by Models 3 and 4 in Table 4 3 t' 1 2 Th 1 · d f h £ . , respec Ive y) 

e eye e peno s o t e ormer case is about three times shorter than that of the latter. . 
In Table 4.3, the adopted parameters are summarized. The column ''type" th 

behavior of the solutions and named "runaway" "stationary" and "I' .t 1 , £ mehans e 
[
1] [2) [ ) · ' IIDI -eye e or t e cases 

, and 3 m §4.3.1, respectively. We note that all the parameter sets abo · d 
in IT83 (their Figures 1 and 3). ve are examine 

Since we are interested in a timescale much shorter than 7iS wh1'ch · a1 · t d 
t I d 

. . F, 1s so 1n erprete 
as me a -pro uct10n timescale through equation (4 18) we treat X· t Th · (4 9) · · ' t as cons ants. en 
equat10n .1 IS solved for oxygen abundance ( i = 0 because we ad ted th ' trac 1 t . th . ' op e oxygen as a 

ere emen 1n e prev10us work, Hirashita 1999b: see also Lisenfeld & Ferrara 1998): 

d1>o 
c.rsF~ = lm,o(1U(o + ~o)- [~- /3grow(1- !o) + .BsN]1>o, (4.21) 

where we express the time in a nondimensional manner by using 7 - t ur h 
relatio 1 1) /X ur fi - c* . vve note t e 

n JO = o O· vve x the parameters as TSF = 3 x 109 yr (e.g. Ke · tt t al 
1994), /m,o. = 0.05 (Hirashita 1999b), :R = 0.32, llo = 7.2 X w-2 (chapt~r 3):u;;,c:, ~ wO 
(corresponding to Tgrow = TsF/100 = 3 x 107 yr) a - 10 (H' h' gr X 0 o

13 
( h 

1 
' 1-'SN - 1ras Ita 1999a b) and 

o ==:= . . t. e so ar system abundance). The dependence on these parameters ~bo~e are 
descnbed m L1senfeld & Ferrara (1998) and Hirashita (1999a b) t £ d , excep or c* an TSF The 
parameter c. scales the phase transition timescale, and we examine the cases of c 7i ~ 100 
and 1000_ (Tabl_e 4.3: c;1 = 3 x 106-3 x 107 yr; IT83). We note that c, appears in ;h~~orm of 
the non?1mens10nal parameter c. 'TSF· We examine only the case of c* TSF = 100 in Models 1 
and 2, smce th~ qualitative b~havior of the dust-to-gas ratio is the same, irrespective of which 
value of c* TsF IS adopted. Fmally, the total dust-to-gas ratio 1) is calculated fro t ' 
(3.36). m equa Ion 

2Two 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 (Xcold, Xhot) = (0.0, 0.7) for Model 4. The initial dust-to-gas ratio is set as 
1> = 6 x 10-3 (Galactic value; §2.2.4) for all the models. Models 3 and 4 are examined for 
two different values of c. listed in Table 4.3. Fixing 'TSF = 109 yr, c. TSF = 100 and 1000 mean 
c. = lo-7 yr-1 and 10-6 yr-1 , 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 rv 1.2 X 10-

4 
in the dust 

destruction timescale (rv 3 x 108 yr, i.e., 10 in units of c;1 
). 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 (IT83; Arimoto & 

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

state, d'Do/dt = 0, in equation (4.21): 

{J~~w 'Db+(~- {Jgrow + .BsN)'Do- fin,o(~Xo + 'Jo) = 0 · 
(4.22) 

Because of the constant dust injection from stars at the rate of fin,o(~Xo + 'Jo), the dust­
to-gas ratio is not exactly 0 even after a long time. Since Xcold = 0, we have {Jgrow = 0. Thus, 

the solution of equation( 4.22) is 

'D = C1>o = CfinO(~Xo + 'Jo) = 1.2 x 10-4, 

~+ .BsN 
( 4.23) 

for the adopted parameters C = 2.2, Xo = 0.013, /in o = 0.05, ~ = 0.32, }lo = 7.2 x 10-
3

, 

and fJsN = 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 Xcold reduces to a stable point (1 - A)/(AB + 1) = 0.27 (i.e., {Jgrow = 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 1> = C1>o := 0.018, 
which matches the stationary value in Figure 4.4. Analytically, the value is expressed as 

1) = C1>o = ,Bgrow- f3sN- ~ CXo, 
,Bgrow 

(4.24) 

since /3grow'Do >> fin,o(~Xo + 'Jo). 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 (Xcoid) 
for Model 1. The initial condition is (Xcold, Xhot) = (0.0, 0.1). The adopted values of 
the parameters are A = 1.2, B = 3.0, and c.TsF = 100. The timestep is normalized by 
c-1 ~ 3 x 107 yr. Lower panel: the time evolution of the dust-to-gas ratio CD). 
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Figure 4.4: The same as Fig. 4.3, but for Model 2. The initial condition is (Xcold, X~ot) = 
(0.0, 0.1). The adopted values of the parameters are A= 0.4, B = 3.0, and c,..TsF - 100. 

The timestep is normalized by c-1 ~ 3 x 10
7 

yr. 
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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 c* makes the amplitude larger. Since small c* means that a timestep of the phase 
transition model ( eqs. [4.2] and [4.3]) is long in the real time unit ( T = 1 corresponds to 
t = c;-1 ) , the dust has enough time to grow in the case of smaller c*. 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. 
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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 (Xcold, Xhot) = (0.0, 0.1). 

3Models 3a and 4a (or Models 3b and 4b) should be compared. 
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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 (Xcold, Xhot) = (0.0, 0.7). 
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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 value determined by equation ( 4.22) after the dust formation and destruction 
timescales ("' 108 ~). _In the limit-cycle type solutions (Models 3 and 4), the amplitude of 
the dust-to-gas oscillatiOn largely depends on the timescale of the phase transition. In this 
subsection, we discuss the phase-transition and dust-formation timescales in the limit-cycle 
model. 

From the solution of the model equations (Figs. 4.5 and 4.6), we find that the dust-to­
gas ratio 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 
c •. In other words, the amplitude is determined by the relation between the timescale of the 
phase transition (or 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 (denoted 
by Ttr) and the dust growth timescale ( Tgrow). 

In order for the dust to grow, the dust must ha h t• £ h h ve enoug 1me or t e growt , i.e., 
Tgrow < Ttr · This condition is equivalent to 

Tgrow 
-X <Ttr, 

cold 

which reads the following inequality by using f3~row: 

Ttr 1 
-> m . 
'TSF ,.....growXcold 

(4.25) 

( 4.26) 

Pu~ting 13~row = 100 and Xco!d = 0.5, we obtain Ttr/TSF > 1/50 for the enough dust growth, 
which reahzes the large amplitude of the time variation of the dust-to-gas ratio. This means 
that ~he timescale of th.e phase transition should be larger than several x 10 7 yr for the 
suffic1ent dust growth, Since TSF f".J 3 Gyr (Kennicutt et al. 1994). Here we note that the 
timestep in F~gur:'I 3 and 4 i~ c- 1 in the physical unit and that c-1 = 3 x' 106-3 x 107 yr. In 
the longer umt (c = 3 x 10 yr; corresponding to Figures 3a and 4a), the amplitude of the 
dust-to-gas:ratio o~cillation is large. On the contrary, in the shorter unit (c-1 = 3 x 106 yr; 
correspondmg to Figures~~ and 4b),.th~ amplitude is much smaller because the timestep is 
shorter and thus the conditiOn ( 4.26) IS difficult to be satisfied. Moreover, comparing Figures 
3a and 4a, we see that the amplitude is larger if the period is longer. 

In Figure ~.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 order-of­
magn!tude oscill~tion. 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 ra~io by Hirashita (2000b), who interpreted the scatter in the dust-to-gas ratio of 
t~e nearby sp~ral sample. a:' the short-term (rv 107-108-yr) variation of the dust-to-gas ratio 
with the mruomum-to-mmimum ratio of more than 4. 

4. 7.2 Effect of Chemical Evolution 

~n 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.rsp = 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 TSF is fixed for simplicity, the solution of equation (4.18) becomes 

Xo = tJoT . 
c.TSF 

( 4.27) 

In other words, we simply assume a constant rate of metal enrichment to examine a effect of 
the chemical evolution qualitatively. We solve basic equations in §2.3 for the time-variable Xo 
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. 
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Figure 4. 7: Time evolution of the dust-to-gas ratio. The model parameters are same as Model 
4a, but the effect of the steady chemical enrichment is included. A constant rate of metal 

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 TSF ("' timescale 

of the chemical enrichment) is short. Especially for starburst galaxies, TSF f".J 10
8 

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 Ttr · In this case, the metal enrichment also proceeds from the starburst in TSF, 

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 TSF 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 
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& T:t~~o:~~O~~te that the timescale of the phase transition in dwarf galaxies is. exp_ected 

to be longer because of their longer cooling timescale. :in~e th~ n;;et~~~~~~7~oh;h~ ':~:~ 
. r echanism for the hot gas (Rayman ' ox, mi ' 

domin~~t cooIng m . icall ,..,_, 1/10 of the spiral galaxies, makes the cooling time 
metalbcity of dwarf£ ~~axi~:~;~C> 1~ yr). Thus, once the hot component becomes dominant 
longer by an order o h ~ f laxy must wait for the hot component to cool down for 
in a dwarf g~laxy, t ~ war. ga owth of dust ains is prevented. This as well as the 
more than 10 yr, dun~g which the hgrmakes the du! growth difficult. Indeed, the dust-to-

h · sm in the previous paragrap . . ( 
mec a~l . d f gal~v1es are known to be much smaller than those in spiral galaxies e.g., 
gas rat1os 1n war a.JU 

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). 1 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 eBtimate the SFR from the Ha 
luminosity, LHa:, as 

SFR 1 = 3.05 X 10-8 .( LHo: ) • 
1 M 0 yr- 1£0 

(5.1) 

We also use luminosities of ultraviolet (UV) continuum (Madan, Pozzetti, & Dickinson 1998), 
nebular lines (e.g., (0 n]; Gallagher, Bushouse, & Hunter 1989), and so on for indicators of 
SFR. Especially, [0 n].\3727 A is a useful line for z ;S 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, theIR emission from dust can be a sensitive tracer of the 
young stellar population (chapter 2). Indeed, ffi 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) 

1 Star 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 IHKOO) derived a theoretical conversion formula 
from IR luminosity to the SFR by developing a model of dusty H II regions by Petrosian, 
Silk, & Field (1972). We will examine how metallicity (or dust-to-gas ratio) affects the 
conversion factor of IHKOO. Fortunately, it is possible for us to perform this, since the effects 
of the metalHcity and the dust-to-gas ratio are well parameterized in their formula. Here, we 
present it as 

SFR 3.3 x 10-10(1 - TJ) ( LIR ) 

1 M0 yr-1 = 0.4 - 0.2/ + 0.6E 1 L0 ' 
(5.2) 

where f is the fraction of ionizing photons absorbed by hydrogen, E is the efficiency of dust 
absorption for nonionizing photons, L1R is the observed luminosity of dust in the wavelength 
range of 8-1000 J.Lm, and rJ is the cirrus fraction of LIR· In equation (5.2), f and E depend on 
the dust-to-gas ratio. 2 According to Hirashita (1999a, b), moreover, the dust-to-gas ratio is 
expressed as a function of metallicity (chapter 3). Therefore, the relation between L1R 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 SFR.s 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, IHKOO's formula is explained. Their formula is useful for estimating the SFR of 
various morphological types of galaxies. 

5.1.1 IHKOO's Formula 

IHKOO's formula is derived from the model for the IR luminosity of an H II region. H II 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 IHKOO is based on their result. They assumed 
Case B (Baker & Menzel1938),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 ffi luminosity, 

LIR = L(Lyo) + (1 - f)(hv)ionNu + ELnonion, (5.3) 

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

2 Although there might be dependence of (1- '7) on the dust-to-gas ratio, the ambiguity of the dependence 
is significantly large. We focus our attention on f and €. 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 a (Lya) photons produced by hydrogen reco~bination proc~ss_ in 
an H II region are absorbed by dust within this region and the~ re~mitted ~ IRradiatiOn 
(§5.1.5). This is reflected in the first term of the right-hand s~de m equation ~5.~). The 
second term represents the energy of ionizing photons absor~e? direc~ly .by dust withm the H 

· Then the last term denotes the energy of noniomzmg radiation absorbed by dust II regiOn. , . . . 
in or nearby an ionized region, especially, in clouds surroundmg this regiOn. . 

We now consider the luminosity of the Lyman-a emission line within H II regiOns. Un~er 
Case B approximation, every ionizing photon will eventuall~ ~orm one hydr~gen atom with 
then== 2 level. In this process, about two-thirds of recombmmg electrons will reach t~e _2P 
state and go down to ls, emitting a Lyman-a photon. The remai?ing one-~hird ~£ recombmmg 
electrons will reach the 2s state, and two continuum photons will be em1tted Simultaneously 
within 1 second because the transition from the 2s to the ls is forbidden for any one p?oton 
process (e.g., Spitzer 1978). Thus, L(Lya) in terms of Sis 0.67hVLyo:fS, where ZILya IS the 

frequency at the Lyman-a emission. . . . 
The luminosity of ionizing photons from central sources, .Lion, IS wntten_ as. (hv)IOnS. 

When we set hVLya=10.2 eV and (hv)ion"' 15 eV, the luminosity of Lyman-a IS given by 

L(Lya) = 0.67 tVLr f L;on '"" 0.45 f L;on· 
hV IOD 

(5.4) 

Therefore, equation (5.3) is reduced to 

LrR(8- 1000J.Lm) = (1- 0.55/)Lion + t:Lnonion, (5.5) 

where E = 1 _ e-T is an averaged dust-absorption-efficiency of nonionizing photons from 

central sources in H II regions. . . . 
They further used an analytical fitting formula for the stellar mass-lummosity relat10~ ~d 

Salpeter's initial mass function (IMF) with the stellar mass range of 0.1-100 M0), ~env1ng 
th 1 t . between L· and L . Then they derived the stellar mass responsible for e rea lOll lOD nomon• ' . 
the luminosity. Dividing the stellar mass with a typical timescale, they finally denved the 

formula as presented in equation ( 5.1). . . . 
For theIR luminosity, the luminosity in the range sensitive to IRAS (4G-:120 J.Lm) IS often 

used (we denote this luminosity as LIRAS)· Accordi~g to IHKOO, the relation between LIR 
(defined as the luminosity in 8-1()()0 J.LID) and LIRAS IS LIR = 1.4LIRAS· 

Now it will be convenient to define the factor C1R as 

SFR = CIRLIR' 

- 3.3 X 10-10(1- ry) [M -1 L-1]. 
CIR = 0.4 - 0.2f + 0.6€ 0 yr 0 

(5.6) 

(5.7) 

IHKOO commented that if the IMF of Scalo (1986) is adopted, C1R becomes 0.8 times as large 
as the Salpeter case. ff 60 M 0 is adopted for the upper mass cutoff for stars with the Sal peter 
IMF, c1R becomes 1.4 times larger. Thus, they concluded that the choice of an IMF cause 

uncertainty of a factor of 2 to C1R. 
We focus on the dependence of C1R on metallicity. The dependence of C1R on. dust-to-gas 

ratio is included through f and E as will be described in §§5.1.2 and 5.1.3. We will che~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 off on dust-to-gas ratio 

The dependence off (eq. (5.7]) on dust-to-gas ratio is obtained from Spitzer (1978, hereafter 
S78). We define rs,d and rs,H as the optical depths of the dust and of the neutral hydro­
gen atoms, respectively, for the Lyman-continuum photons over a path length equal to the 
Stromgren radius rs (see S78 or eq. [5.10] for the definition of rs). Since the radius of a 
dust-free H II region is estimated to be rs, it is very useful to normalize the length scale by 
rs. To define a "radius," the H II region should be well described by a spherically symmetric 
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 spherically 
symmetric dust clouds surrounding young massive stars. 

First, we calculate rs, d Irs, H for an H II region. Here, both rs, d and rs H are approximated 
with the optical thickness at the Lyman limit (912 A). Assuming that the dust-to-gas ratio 
in the H II region is the same as that in the averaged value in the interstellar space, we obtain 

TS,d = TS,d = 12 EB-V (
5

.
8

) 
rs,H nHsrs NHs ' 

where the dust extinction at 912 A, A912, is taken to be 13Es-v mag according to the 
Galactic ext~~~tion2 property (Fig. 2.2), an~ rs,d = A9121(2.5log10 e). Moreover, nH and 
s = 6.30 x 10 em denote the number density of the hydrogen and the absorption coefficient 
for~ hydrogen atom in then= 1level (eq. [5.6] of S78), respectively, and the column density 
NH IS defined as NH = nHrs. 

If we assume that the physical properties of grains such as extinction curve are unchanged 
E B-vI NH is proportional to the dust-to-gas mass ratio 'D. According to s 78, TI = 6 X 1 o-3 
when NHI EB-V = 5.9 x 1021 mag-1 cm-2 (§§7.2 and 7.3 of S78). Thus, equation (5.8) 
reduces to 

TS,d 1 ( 'D ) 
TS,H = 3100 6 X 10-3 . (5.9) 

This is the same as equation (5.23) in 878 but the explicit expression of the dependence on 
TI. 

Next, we calculate rs,H = nHsrs. The Stromgren radius is estimated by 

Nu = ~7r r~nenpa<2) , (5.10) 

where ne and np are the number densities of electrons and protons, and a<2> is the recom­
bination coefficient to the n = 2 level. If we assume that the hydrogen is fully ionized we 
obtain ' 

( 
Nu ) 

1
/

3 
( nH ) -2/3 rs = 1.4 c 

1048 s-1 102 cm-3 p ' (5.11) 

where Nu represents the number of ionizing photons emitted from central stars per second. 
In this equation, we have assumed that the temperature of the H 11 region is 8000 K (i.e., 
a(

2
) = 3.09 x 10-

13 
cm3 s-1

; see eq. [5.14] of S78). Using the estimation of the Stromgren 
radius above, we obtain 

7i -27x1 3 u ( 
nH ) 1/3 ( N, ) 1/3 

S,H- . 0 102 cm-3 1048 s-1 ' (5.12) 
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Combining this with equation (5.9), rs,d is estimated as 

(5.13) 

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

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

4n 3 (2) f Nu = 3ri nenpa , (5.14) 

where f is the same as that in equation (5.2). If we define Yi = Tilrs, we obtain from equations 
(5.10) and (5.14) 

f = yf. (5.15) 

A useful relation between rs, d and Yi was given in Table 5.4 of 878, where Yi is estimated 
from the following expression (eq. [5.29} of 878): 

31111 y2evrs·• dy = 1. (5.16) 

In Figure 5.1 a, we show f as a function of rs, d. 

We often need a value of f for rs, d ,...., 1. This optical depth corresponds to the "surface" 
of an H n region observed at the Lyman limit. From Figure 5.1a, we estimate f ,...., 0.5 
at Ts d ,...., 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 off 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 II 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 II region. Adopting 
j = 0.26 as the typical value of the Galaxy, we obtain rs, d = 2. 7 for the typical Galactic H 
II regions (we consider 'D,...., 6 x 10-3 for such regions) from Figure 5.1a. Hence we write 

TS,d = 2.7 ( 6 X ~o-a) • (5.17) 

This is consistent with equation (5.13) if we assume nH = 102 cm-3 and Nu ~ 3.0 x 1049 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 CrR 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 Tetf Nu 
Type (K) 1048 s-1 
05 ..... 47,000 51 
06 ..... 42,000 17 
07 ..... 38,500 7.2 
08 ..... 36,500 3.9 
09 ..... 34,500 2.1 
BO ..... 30,900 0.43 
Bl ..... 22,600 0.0033 

NOTE.-Data is from Table 5.3 of Spitzer (1978). Tetr is the effective temperature of each star. 
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5.1.3 Dependence of ·t on dust-to-gas ratio 

In IHKOO, t ( eq. [5. 7]) is defined by 

f = 1 _ €-Tnonlon l 

69 

(5.18) 

where Tnonion is the mean optical depth of dust for nonionizing photons. That is, t repre­
sents the efficiency of the dust absorption of nonionizing photons. IHKOO estimated t = 0.9 
(Tnonion = 2.3) from the averaged visual extinction of Usui, Saito, & Tomita (1998)'s sample 
(Av ""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 Tnonion depends on the dust-to-gas ratio. If the column density of gas 
contributing to the absorption of nonionizing photons is fixed, T nonion is proportional to the 
dust-to-gas ratio. Since we are interested in the dependence of C1R on 'D, we simply adopt 
the relation Tnonion ex: 'D. Here, we determine the numerical value of Tnonion as 

'Tnonion = 2.3 ( 6 X ~0_3 ) , (5.19) 

so that Tnonion becomes 2.3 for the Galactic dust-to-gas ratio. By combining equations (5.2) 
and (5.19), we obtain t 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, 1J, remains to be determined. In this chapter, an 
empirical value of 1J is simply adopted. According to Lonsdale Persson & Helou (1987), 
1J "" 0.5-D.7 for their sample spiral galaxies. We use 1J = 0.5 as adopted in IHKOO (the 
averaged value for Usui et al. 1998's sample) in the current estimate for our SFR or CIR· 

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 1J. 
This means that a universal1J for any galaxy is assumed. Unfortunately, this assumption of 
1J = 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 1J ~ 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 1J = 0.5. However, we will examine some simple cases for varying 1J 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 IHKOO's derivation of equation 
(5.2) is based on Case B, Lya photons are assumed to be easily trapped in an H II 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 IHKOO. 

In fact, the Lya photons escape with the probability of the order of rv 1/TLa (Osterbrock 
1989; Emerson 1996), where 'T'La is the optical depth of the Lya photons. This means that the 
number of scatter of Lya photons before the escape is rv T'La· According to S78, 7La '"" 104 

for a typical H II region. Hence, the dust grains absorb the Lyn photons in an H II 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 II regions. However, in realistic situations, an HI 
envelope on a galactic scale generally exists around H II regions. When a Lya photon escapes 
from an H II 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 Lyn photons before they escape from the H I envelope. In 
the considerations hereafter, we assume that L1R include both the components from the H II 

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 ""TfyalLya where 'T'Lya means the optical depth for Lya photons and kya is the mean 
free path of the Lya photons. The square to 'T'Lya 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 Tdust ""1ra2lpathndust where a is a size of the dusts and ndust is 
a number density of them. Here, we will discuss whether the Lyo: 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 HI envelope, L, may be estimated to be about 100 pc, which 
corresponds to the thickness of the disk of spiral galaxies. In such case, 1l...ya is estimated to 
be about L/lLya· Then, we find Tdust ""7ra2ndustL2 /lLya· Using 'D, it is expressed as 

7ra2nH1:>L2mp 
'Tdust"" l , 

Lyamdust 
(5.20) 

where mp is proton mass and ffidust is dust mass for an assumed spherical dust with mass 
density of 3 g cm-3. Adopting nH = 0.1 cm-3 for a diffuse H I medium, a = 0.1 p,m, 
'D = 6 x 10-5 , L = 100 pc, and the resonant-scattering cross section of Lyo photons 2 x 10-13 

cm2, we find Tdust "" 5 x 102• Thus, Tdust is much larger than unity. This means that most 
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of the Lya photons are absorbed even if the dust-to-gas ratio is as small as 0.01 times th~ 
Galactic value. As a conclusion, we can safely assume that almost all the Lyn photons can~o 

c • alaxies although they may escape from the star-formmg 
escape from the parent star-1orm1ng g , 

regions. 

5.1.6 Dependence of C1R on dust-to-gas ratio 

In the above subsections, we have expressed f and f as functions of th~ dust-~o-gas ratio (1:>), 
while 1J is treated as a constant. We also assume a typical star-fo~mm~3regi~~ ~ho;~4~se~ 
density of gas and production rate of ionizing photons are about 10 emf ~ f. thx d t t ' 

C d fi din uation (57) as a unct10n o e us - a-
respectively. Then, we can express IR e ne eq . d t - 0 5 (§51 4) 

t' I Figure 53 we present C1R as a function of 'D, where we a op 1J- · · • · 
~: t~~ fi~re, we flnd that the coefficient of the _conversion from IR ligh~ 1~o !FR ~~c~~ 
about 4 times smaller for 1) "-J 6 x 10-3 (the Galactic value; CIR = 1.8 x 10_10 0 yr_l ~ 
than that for 'D rv 6 X 10-5 (0.01 times the Galactic value; CIR = 7.5 X 10 M0 yr L0 ). 
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F1gure 5.3: IR convers10n . 
as a function of the dust-to-gas rat1o, 'D. 

C 
· a1 hanged if we adopt a different extinction curve. In the previous dis~ussions, 

IR lS so c t h exammes how 
we have adopted the extinction curve of the Galaxy. The curren . pa:agrap f h S all 

1 
· b t 0 and 1) changes when we adopt the ext1nct10n curve o t e m 

the re atwn e ween IR · h' h t h ged 
M 11 · Cloud (SMC) with the other quantities being adopted 1n t 1s c ap er unc an · 

In at~e ~~type extinction law, the ratio of the optic~ depth in equat~on ~5.8)(~ec~:e~;;~ 
· er because the UV extinction is enhanced 1n the SMC extinction or _e . 

tlm:s l~g ' p· 3 9 f Whittet 1992) . This indicates that the same estlmatlon 
ext1nctwn curve, see 1g. · o (' h li t' 

erformed in §5.1 is possible if we make the normalization of 'D half I.e., t e norma za Ion 
p 3 · h d t 3 x 10-3) Thus we can find a rough dependence of f on 'D 
with 6 x 10- IS c ange 0 • ' b 0 3 d ) 
fr F' re 5 1b by doubling 'D (i.e., the line in Figure 5.1b is moved to the left Y ·. e.x · 

om lgu . . 10-4 (Is t al 1990) we find f ~ 0. 75 for the SMC extinction 
Since 'D of SMC lS about 5 x sa e . ' 1 he same 
case, while f ~ 0.85 if we adopt the extinction law of the Galaxy. We can app Y t 
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scaling to {. For ']) ~ 5 X 10-4 f rv 0 34 for the SMC t" t" 
Galactic extinction case. As a ~esclt .at IT'\"' 5 x 10-4ex0mc I03n6case, ~h1oile f ~ 0.18 for the 

. . ' .u - ' IR ~ . X 10 M. -1 L -1 £ 
the SMC extmctwn, while CrR:::: 5.0 x 10-10 M. -1 L-1 £ h G . ~ yr 0 or 

~~~!~~:l~~~~~~·f:~~~:~~~~:~~=!:t~! ~::~~~~:i~ii:;t~~~~~=~~:~:;:~:tui~ 
important. We note that we can estimate CrR for the SM ex m~ IO~ curve IS n?t very 
line in Fig. 5.3 to the left by 0.3 dex (a factor of 2). C-type extmctwn by movmg the 

5.1. 7 Observational check 

Here, we examine whether the values of 1 and f that we adopted for the G 1 t · . 
I= 0.26 and f = 0.9) is consistent with the properties of H II re io Wi a ac I.e value (I.~., 
between the ionizing-photon luminosity and the IR 1 . .t g T~~· e. examme the ratio 
examined in 1970s (e.g., Harper & Low 1971). ummosi Y· IS ratio was extensively 

We start with equation (5.3). By adopting Salpeter's IMF and a mass-lum · .t 
1 

. 
of stars IHKOO derived L . _ 1 5\h ) N, T mos1 Y re atwn 
the IR ~xcess (IRE) as nomon - . v ion u· hen, according to Mezger (1978), we define 

IRE= h LrR = a+ (1 -I+ 1.5£) (hv)ion 
VLyal Nu hVLyal ' (5.21) 

where VLyo is the frequency of the Lya radiation and a is the L 
2p state and go down to ls (i.e. L(Lyo) = h ' I 1\r ) 4 A Y~ photons that reach the 
F . ' a VLya Hu · ccordmg to S78 a rv 0 67 I 

Igure 5.4, we express the IRE as a function of the dust-to-gas ratio 'D. ' - . . n 
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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)ion is equal to hv at the Lyman limit (912 A). 
According to Harper & Low 1971), 5 ~ ffiE ;S 10 (see also Aannestad 1978; Mezger 1978; 
Maihara et al. 1981) for Galactic H II regions. Figure 7.3 in 878 showed that theIR luminosity 
of H II region is larger than predicted from Lya luminosity by an order of magnitude (i.e., 
IRE,...., 10). Thus, f and f that we adopt in this chapter is consistent with the properties of 
the Galactic H II regions within the scatter of observed IRE. 

Another test of our model is possible if we use the data of H II regions in the Large 
Magellanic Cloud (LMC; DeGioia-Eastwood 1992). Table 3 of DeGioia-Eastwood (1992) 
indicates systematically lower IREs for the LMC H II 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 f :::: 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 II 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 II 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 C1R and its effect on the cosmic SFH by using the relation between 
CrR and 'D as shown in Figure 5.3 in the following sections. We note that C1R as a function 
of 'D will give us an insight into the variation of C1R 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 ']) 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 3.1 a, we relate CxR and [0 /H] 
by using the relation between the dust-to-gas ratio and C1R (Fig. 5.3). Here, we note that 
[0/H] = x means that the abundance of oxygen is lOx times the solar value. The relation 
between C1R and [0/H) is presented in Figure 5.5. We see that if [0/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 1J = 0.5 is assumed. A galaxy is expected to experience a starburst 
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Figure 5.5.: C1R (conversion coefficient from the dust luminosity to the star formation rate) 
as a functiOn of the oxygen abundance, [0/H]. , 

phase. at t~e beginni~g ?f its evolution. In a star burst galaxy, TJ = 0.0 may be reasonable. 
Especially~~ the begmnmg of the galaxy evolution, we can expect a starburst phase. Thus, 
the c?nvers10n factor of C1R can be estimated as 1. 7 x 10-9 at the initial star burst era of 
?alax~es (/ = 1_ and c = 0. are assume?, since we treat the initial phase, when the metallicity 
IS almost 0). Smce C1R with TJ = 0.5 IS accepted for the moderate phase of star fonnation as 
normal disk galaxies at the present epoch, the increment of CrR for starburst galaxies with 
low metallicity is about .ten. Thus, we should never forget the ambiguity via the assumption 
of a constant "7· For this point to be resolved, we should model the dependence of (1 - TJ) 
on 1>. In our current knowledge, unfortunately, it seems difficult to construct a physically 
reasona_ble model. However, we try to examine the change of TJ as a function of 1) in the next 
subsectiOn. 

5.2.2 Dependence of Cirrus Fraction on Metallicity 

In the a~ove, we hav~ assumed that the cirrus fraction of theIR luminosity, 'fJ, is 0.5. Here, 
we exam.Ine how ?m IS affected owing to the change of "1· There is a large uncertainty about 
observa~10nal estimate of TJ· But, theoretically, we consider some simple cases where the 
change m fJ cannot be neglected in our conversion formula. 

T~e assumption of 17 = 0.5 breaks if we are interested in starburst galaxies. When we 
examme a sample of starburst galaxies, indeed, it is reasonable to assume 17 ~ 0. This is 
because. young stars dominate the radiation field that heats the dust, and the optical depth 
of dust IS so lar~e that almost all of the bolometric luminosity is emitted in the m (Soifer et 
al. 1987a; Kenmcutt 1998b). For the starburst galaxies, thus the dependence of C th air · · b . , IR on e 
met ICity 1s o. t.am~ by putting 17 = 0 into equation (5.7), while the dependence off and 
f on the metalhcity IS the same as described in §5.2. The result is shown in Figure 5.6. We 
see that CrR in this figure is larger by a factor of 2 than that in Figure 5.5. 
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Figure 5.6: C
1
R (conversion coefficient from the IR dust luminosity to the star formation rate) 

as a function of the oxygen abundance, [0/H], for starburst galaxies. The cirrus fraction rJ 

is assumed to be 0. 

Next, we consider a possible change in TJ of spiral galaxies as a function of metallicity. 
The cirrus fraction of spiral galaxies is not negligible at the present epoch ( TJ ~ 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, 17 = 0.0 may be reasonable. Thus, the first 
approximation for the dependence of TJ on the dust-to-gas ratio is 

1/ = o.5 ( 6 x ~o-a) . (5.22) 

If we adopt this relation, we obtain Figure 5. 7 as the relation between C1R and metallicity. 
We note that our simple treatment as equation (5.22) is only applicable for [0/H] ;:S 0, 
because 17 > 1 does not make sense. This means that we need a nonlinear modeling of the 
relation between 1J 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 C1R 

at [0 /H) "' -2 with that at [0 /H] "' 0, we see that C1R changes by an order of magnitude as 
the chemical enrichment proceeds. Thus, if we want to know the realistic cosmic evolution 
of galaxies from L1R, 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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Figure 5. 7: Cr~ (conversion coefficient from the IR dust luminosity to the star formation 
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Is assume to be proportional to the dust-to-gas ratio. ., 

(~SP) of the appropriate age an~ metallicity, weighted by the SFR at the time of stars' 
birth. IMF should be also determmed to assume the stellar mass distribution in an SSP If 
we express the spectrum of an SSP whose age is t as f (t) bt · h · · 
FA ( t) from the following equation: A ' we 0 am a synt etiC spectrum 

F~(t) = l ..P(t- 7) !A{7) dT' (5.23) 

where '1/J(t) i~ the SFR at t. Such a model is often useful in estimating the a e of a stellar 
system from Its color or spectrum {e.g. Tinsley 1980· Gu1'derdon· & R 'r 1 g 
B 1 & C ' ' I occa- vo merange '1987· 

ruzua harlot 1993; Leitherer & Heckman 1995) The t · t · · ' . . uncer am y m a synthetic mod I 
IS caused by the dearth of reliable spectral libraries for cool and non-solar compos·t· t e 
and by the uncertain properties of post-main-sequence stars (Charlot ur rth &I IoBn s ars 
1996). ' vvo ey, ressan 

.sever~l groups have extended the spectral synthesis modeling to far-IR (FIR) wavelen h 
by mcluding the reprocessing of stellar light by dust grains {Mazze· X & D z . gt 
S'l t a1 1998 rr"1~ t.~ • • I, u, e otti 1992· 

~ va e · ; ..l.ruui.gi, Anmoto, & Vansevicius 1999; Efstathiou, Rowan-Robinson & 
Siebenmorge~ ~000; Popescu et al. 2000). The discussions in this chapter may be exami~ed 
for more real1st1c but complicated situations by using such synthesis models. 

5.3 Comments on the Cosmic Star Formation History 

One .of thhe obse~tional test for scenarios of structure formation in the universe is to de-
termme t e cosrmc SFH. The cosmological evolution of SFR is derived from th . 
density of galact · r ht (L ·n ai e comovmg 

IC Ig I Y et · 1996). For example, Madau et al. (1996) applied the 

.~· .. 
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z 

0.0 
0.5 
1.0 
2.0 
3.0 
4.0 
5.0 

Table 5.2: Metallicity and C1R as functions of z 

0.00 
-0.22 
-0.48 
-1.02 
-1.50 
-1.79 
-1.88 

CIR 
(M -1 L-1] 

0 yr ~ 
1.7x 10-1 

1.8 x Io-10 

2.4 x to-10 

5.2 x 10-10 

1.1 x to-10 

7.6 x Io-10 

7.8 x Io-10 
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conversion formula from UV light to the SFR and showed that the SFR as a function of the 
redshift z seems to have a peak at z 'V 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 'V 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 IHKOO. 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 f 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 C1R 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 C1R along the metallicity to that along z. Admitting that difficulty, however, we 
can stress that our results are useful to find the evolution of CrR along the metallicity. 

We also present Cm in third column of Table 5.2 calculated from the relation between 
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metallicity and CrR as shown in Figure 5.5. Here we assume that log(ZjZ
0

) = [0/H]. From 
Table 5.2, we see that the factor CrR is about 4 times larger at z ..-v 3 than that at z ..-v 0. 
Thus, we should take care of the chemical evolution of the galaxies if we determine the cosmic 
SFH fro~ the _dust emission within a factor of 4. Deriving the cosmic SFH from IR-sub-mm 
observat~on Will be made possible by the future observational projects (e.g., Appendix of 
Takeuchi e~ al. 1999). Our formulation in this chapter will be useful in the conversion from 
the comoVJ~g luminosity .d~nsity in .the IR-sub-mm range to the comoving density of the 
SFR, resolVJng the metalhc1ty evolutiOn of the SFR conversion law. 

Finally,. we should mention that Pei et al. (1999) 's model treats averaged quantities for 
each redshift and focuses only on the redshift dependence. Thus our Table 5 2 t b r d ' . mus e ~p~ 1~ to the data average~ for each z. In other words, we should not apply them to each 
mdi~Idual gala:'y at a certam z. Indeed, there is strong dependency of metallicity on local 
density accordmg to the numerical simulation by Cen & Ostriker (1999). For each 1 
F . 5 5 h ld · ga axy, Igure . s ou be used mstead after their metallicity is known. 

As ~ future work, !t w?ul? be int~resting to investigate the earliest evolutionary stage 
of gal~es .. As shown In Nishi & TaBhiro (2000), star formation activities in galaxies whose 
metalhcity Is less than ~/100. times the solar value are strongly regulated owing to the lack of 
co~la~t (see Tamur~, Hir~hita, & Takeuchi 2001 for an observational discussion). Thus, IR 
emissio~ from galruaes With extremely low metallicity should be discussed by including the 
regulatiOn effect. 

5.4 Summary of this Chapter 

Based on IHKOO's formulation, we consider the factor CrR in the conversion formula b t 
h IR I . . d e ween 

t e ummosity an the SFR, each of which is defined in equations (5.6) and (5.7). The 
factor GrR beco~es 1.7 x 10-10

, 5.2 x 10-10, and 7.9 x 10-10 M0 yr-1 L"GI for the metallicity 
of 1, 0.1, 0.01 times the solar value, respectively. Thus, GrR differs by a factor of 4 in the 
range. Importantly, applicability of our formula is observationally confirmed by IREs of the 
Galaxy and the LMC. Applying our result to the cosmic SFH, we have found that the the 
factor GrR may b~ about 4 times larger at z ..-v 3 than that at z ..-v 0. Thus, we should take 
care of the chemical evolution of galaxies if we determine the cosmic SFH from th d t 

· · · h' £ e us emiSSIOn Wit In a ractor of 4. 

,..,---\ 

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 lru;t 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 ..-v 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 bru;ed 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 rv 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 (ffi; 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 Fffi 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 ..-v 1 Jy at 60 p,m. Hacking, Condon, & Houck (1987) 
and Saunders et al. (1990) showed that the observed counts of faint 60-J.tm sources are about 
twice as high as the non-evolutionary model prediction, suggesting the presence of source 
evolution. However, since the depth of the IRAS survey is only z ..-v 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 p,m (Kawara et al. 1998). According to Kawara et al. (1998), the surface density of 
sources brighter than 150 mJy at 175 J.tm agrees with the model by Guiderdoni et al. (1997), 
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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). Matsubara et al. (2000) investigated the FIR brightness fluctuations at 90 
p.m and 175 p.m 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 !Jill and 60 mJy at 170 p.m, 
which indicate a stronger evolution than that predicted by Guiderdoni et al. (1997). Puget et 
al. (1999) published source counts based on 175-p.m ISOPHOT observations of Marano field 
covering rv 0.25 square degrees. Based on estimate by Takeuchi et al. (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. 1 

The source counts at 90 and 175 J.l.m 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 z = 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 p.m 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 (rv 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 objects. 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 al. (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 s-

1 
Mpc-

1 
and a deceleration parameter of 0 0 = 0.2 and the cosmological 

constant A= 0, unless otherwise stated. 

1

The European Large Area ISO Survey (ELAIS) covers 12 square degrees at 6. 7, 15, 90, and 175 pm (Oliver 
et al. 2000). 

2

The FIS also has spectroscopic capability by a Fourier spectrometer covering 50-200 cm-1 with spectral 
resolution of 0.2 cm-

1
. The same detector arrays for the all-sky survey are used, and these two functions are 

switched. 

MODEL OF FAR-INFRARED NUMBER COUNT 6.2. 

Table 6.1: Flux limits of the ASTRO-F far-infrared scanner 

Wavelength [J.Lm] 

50 ............ . 
70 ............ . 
120 ........... . 
150 ........... . 

Sa-detection limit [mJy] 

20 
15 
30 
50 

6.2 Model of Far-Infrared Number Count 
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Models of the source counts generally fall into two groups. The first fall ~ncludes ~hose that are 
tied closel to observations but make no attempt to incorporate a detailed ph~sic~l model_for 
h 1 ~ lve u 0 r example T99 based their model on the local FIR lummosity function ow ga a.xies evo . rl ' d' 'b t · 

· 11 d · d from the JRAS observations and on the spectral energy Istn u tons observatwna y enve · b ·1r t 
SEDs) of alaxies based on observed spectra of dust emission in the ~~11~-IR-su mt Ime. er 

( ) g b d I tead of making attempt to incorporate our limited understandmg (sub-mm wave an · ns 1 · d 
of how alaxies evolve, they just assumed simple functional forms. for the evo ut10n an 
investi !ed how the counts changed as the parameters of.these fu~ct10ns were changed. T~e 

g · 1 d the models that incorporate detailed physical models for the way m 
other category Inc u es G 'd d · t al 1998) In this 
which alaxies evolve (Wang 1991; Franceschini et al. 1994; m er om e · · 

· g · the model used by T99 (in the former category) to calculate the expected 
~:c:~:r :~::~~;the ASTRO-F survey in Fffi bands in order to see what information a Fffi 
number count contains. 

6.2.1 Spectral Energy Distribution 

The assumed SEDs in T99 consist of two components, cool cirrus and hot starbursts, follow­
. R b' & C aw£ord (1989) The cirrus component represents the dust heated mg Rowan- o Inson r · . · fr d h ted 

· 1 b 1 te-type stars while the star burst component stands for emission om ust ea 
:ru:o~ ~1;-type stars :.SSociated with intense starbursts (e.g., Sanders &. Mirabel 1996). 
~e model spectrum of the cirrus component is taken from the Galactic mterste~ar d~t 
model by Desert, Boulanger, & Puget (1990). In T99, it was assumed that gal~~ ~th 
L < 1010 L have only the cirrus component, where LIR is defined as theIR luminosity 1:­
t:R ated in th~ wavelength range from 3~tm to 1 mm. Galaxies with large~ Lm have both t e 
ci~ and starburst components; an IR luminosity in excess of 1010 L0 IS ass~ed to come 
from the starburst component. The spectrum of the starburst component Lsv IS composed 
of two-temperature modified blackbody radiation, Lsv = a:vBv(T cool) + f3vl!~(Tbot), where. 
Bv(T) is the Planck function with temperature T; bot? a: and f3 are normahz/Ing1~~s;~t~ H the temperatures of the two components are gtven by T cool = 60( Ls 10 0 

a:~e;I'bot = 175(£./1011 £ 0 )0.1 K, where L, is the luminooity of the starburst comp~n~nt 
· ed th ange from 3 11.m to 1 mm (Beichman & Helou 1991). The normabzmg 1ntegrat over e r r fr th 

t t and f3 are determined so that 70% of the starburst component comes om e 
consl ansa: t d 30o-t from the hot component (Beichman & Helou 1991). The model coo componen an to d · p· 
SED is scaled properly to yield the given LIR· The resulting SEDs are presente m Igure 
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6.1. 

In the model, AGNs are not considered since th 
negligible compared with the number f ' I e number of AGNs is expected to be 
1991). Even if the evolution of AGNs . o nor.~a and ~tar~urst galaxies (Beichman & Helou 

IS cons! ered, this will also be the case (Pearson 1996). 
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Figure 6.1: Spectral energy distributions (SE ) . 
solid, dotted, dashed, dot-dashed r Ds assumed m Takeuchi et al. (1999). The 
1010 Lr.- lOB L res t. 1 mes represent the SEDs for LrR = 1014 L 1012 L 

\V' 0, pee Ive y. 0, 0, 

6.2.2 Local Luminosity Function 

The local FIR luminosity function of galaxies is derived 
198_7b). Since Soifer et al. (1987b) used the FIR l . . from the IRAS data (Soifer et al. 
their LrR by using their model SEDs (F' 6 I) A uminosi~Y at 6~ J.Lm, T99 converted it into 
following double-power-law form of the Ilg. : .. nfanal~Ica1 fittmg to the data leads to the 

UilllnosJty unctiOn: 

{ 

7.9- 1.0 log (LrR/ L0 ) for 108 L L 10 3 
log[¢o(LIR)] = 17.1 - 1.91og (LrR/ L0) for 1010.3 f < r < 10 ;4 L0; 

no galaxies . 0 < IR < 10 L0; (6.1) 
otherwise, 

where </>o is the number density of galaxies in Mpc-3 dex-1 -
et al. (1990) suggested another functional form for the a~ z ~ 0. We ~ote that Saunders 
as a log-normal distribution for the lumino d IR luminosity functiOn, which behaves 

us en and as a power-law form for the faint end. 

6.2.3 Survey Limit 

ASTRO-F is a survey-type ffi telescope in s ace I . . 
survey in the FIR wavelength regia 'th p d . ts maJor goal IS to achieve a whole-sky 

n WI an or er-of-magnitude higher sensitivity and higher 

,-._ 

.~ 
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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 
mJy at rv 50 J.Lm, 15 mJy at rv 70 J.Lm, 30 mJy at rv 120 J.Lm, and 50 mJy at rv 150 J.LID (Table 
6.1; for recent information, see Takahashi et al. 2000). In the shorter wavelength region of 
50-110 J.Lm, the sensitivity is limited by both the internal and background noise, while in 
the longer wavelength range of 11D-170 J.Lm 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 

d2N d2V loo 
d(") d = d(") d ¢(L~R' z) d log LxR, 

H Z u Z Lum(z) 
(6.2) 

where the effect of evolution is included in the luminosity function at z, ¢(L1R, z), and the 
comoving volume element per strand per z is denoted as d2V /dfldz (fl is the solid angle). In 
equation (6.2), Llim(z) 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-J.Lm survey. Ltim(z) becomes 1014 L8 at z rv 5 so that no galaxies are detected 
in z > 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 

d2V c dt 
dfldz = Ho (1 + z)3v1 + 2qoz' 

where c is the speed of light and dL is the luminosity distance: 

dL = ~ c 2 [zqo + (qo- 1)( J2qoz + 1- 1)] . 
noQo 

(6.3) 

(6.4) 

The resultant number count per z in the whole sky is shown in Figure 6.2 for 50-, 70-, 120-, 
and 150-J.Lm 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 106 in the whole sky at each 
wavelength. The 120-J.Lm survey is the deepest (z"' 5). Both of the 70- and 150-J.Lm surveys 
reach z"' 4.5 and the 50-J.Lm survey reaches z "'3.5. Hence, the 120-J.Lm survey is preferable 
to detect high-z galaxies. As for lower redshift region, the number at 150 J.Lm is by one order 
of magnitude smaller than the others in the range of 0.2 ;S z ;S 1, and the number count at 
50 p,m is by one order of magnitude smaller than that in the other bands at z ;S 0.2. The 
redshift distribution of the ASTRO-F galaxies is discussed further in T99. 

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-
- j.lm survey 
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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(z) = LIR(Z = 0) f(z). (6.5) 

The function f(z) is empirically given in T99 as 

f(z) = exp [Q Tt~)] , (6.6) 

where Q, r(z), and tH are, respectively, a parameter defining the magnitude of evolution, 
look-back time as a function of z, and the Hubble time 1/ Ho. This means that the timescale 
of galaxy evolution is tH/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: 

if>(z, LIR) = if>o(LIR) g(z), (6.7) 

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

g(z) = exp [p Tt~l (6.8) 

where Pis 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 ffiAS 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 ofT99 
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 DffiBE and FIRAS 
results. The redshifted dust emission, whose peak is located at 3Q-100 J.Lm 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 forB(,\= 4400 A) and H 
(,\ = 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 L 1R exceeds 
1010 L0. 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 ofUV 
IUE 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 L1R to the luminosity for each band (at frequency v) is made for the two populations using 
the averaged SEDs as £v/£.,60JJ.m = av, where £ 11 = vL11 • We should note that £., 60 JJ.m and 
LIR are related to each other (§6.2.1). The value of a11 , 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 J..Lm is kept 
constant for each population. We should keep in mind that the scatter of av 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 pm, 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 Fffi-to-optical 
SEDs of 12-pm sample in Spinoglio et al. (1995, their Figure 11) is consistent with the value 
of av 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) 

Starburst (B) .. . 
Normal (B) .... . 
Star burst (H) .. . 
Normal (H) .... . 

a* 

0.10 
4.0 

0.12 
10 

NOTE.-* a= £v/£60p.m, where £11 = vLv (L11 is luminosity density of a galaxy). 
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[3] The local luminosity function c/>o(MABv) (M~c-3. mag-
1! is made bas~~ on Soifer et 

al. (1987b) by using the above conversion of the lummos1ty density. The defimt10n of the AB 

magnitude (MABv) is given by Oke and Gunn (1983); 

MABv [mag]= -2.5logf11 [erg cm-2 s-1 Hz-
1
]- 48.594, (6.9) 

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

follows. For the normal population, 

log¢
0 

[Mpc-3 mag-1] = 5.08+ 0.38MABB,abs' (-19.8 < MABB,abs < -14.8). (6.10) 

1 ere c/> is the local number density of the ASTRO-F galaxies per magnitude, and the 
w lb . to "abs" refers to absolute magnitude. The upper and lower luminosities correspond 
su scnp 7 2 ) · 1 
to LIR = 1010 L0 (£.,60 JJm = 109.2 L0) and LIR = 108 L0 (£6o JJ.m = 10 . L0 ' respective y. 
For the starburst population, double-power-law fitting is executed as follows: 

_
3 

_
1 

_ {0.02 + 0.16MABB,abs ( -18.0 < MABB,abs < -15.8), (6.11) 
logc/>o [Mpc mag ] - 12.07 + 0.83MABB,abs ( -25.6 < MABB,ahs < -18.0), 

where the boundary values for the luminosity correspond to LIR = 10
14 

L0 (£.,60 JJ.m = 
1013.2 £

0
; MABB,abs = -25.6), LIR = 1010·3 L0 (£.,60 JJ.m = 10

10
·
1 

L0; MABB,abs = --:-18.?), 

d L 10
10 L (r - 109.2 L

0
· MABB h = -15.8). For H band, the luminosity an IR = 0 ,1..)60 J.I.ID - • I , a s 

function of the normal population is 

logc/>o [Mpc-3 mag-1] = 6.00 + 0.38MABH,ahs ( -22.2 < MABH,abs < -17.2), (6.12) 

while the starburst luminosity function is 

_
3 

_ 1 { 0.10 + 0.15MABH,ahs (-19.6 < MABH,abs < -17.4), (6.13) 
log ¢o [Mpc mag ) = 13.40 + 0.83MABH,ahs ( -27.2 < MABH,abs < - 19-6). 

The fraction of starburst galaxies is 2% of total number of field ga~axies at MABB ,-..,; -20 
mag (see e.g., Small et al. 1997 for the number density of field gal~es). 

[4] The K-corrections K(z) is expressed by 5-order polynomials fitted to the data of 
SEDs in Schmitt et al. (1g97) as K(z) = a1z + a2z2 + a3z

3 + a4z
4 

+ a?z
5

. The results of t~e 
fitting are presented in Table 6.4. The residual ofthe fitting of K(z) 1s less than 0.2 mag In 
most of the considered z range and 0.5 mag in the worst 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 an for the K -correction. 

Population (band) a1 a2 a3 a4 as 

Starburst (B) 2.1 -1.2 0.25 -2.3 X 10-2 7.4 x 10-4 

....... 
-1.3 X 10-2 -4.6 X 10-4 

Normal (B) 5.7 -2.6 -0.39 ......... 
-7.0 x 10-2 5.2 X lQ-3 -1.4 X 10-4 

Star burst (H) ....... -0.49 0.38 

Normal (H) -0.22 0.35 -3.3 X 10-2 1.1 X 10-4 3.3 X 10-S 
. ........ 
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[5] Finally, the number count of ASTRO-F galaxies per square degree is calculated ac­
cording to the following formula: 

(6.14) 

where MABv,lim(z) is the limiting magnitude corresponding to Llim(z) (§6.2.3). 

6.3.2 Results 

The cumulative number count of ASTRO-F galaxies detected at 20 ttm are presented in 
Figures 6.3a (B band) and 6.3b (H band). These figures show that number of ASTRO­
F galaxies brighter than BAs rv 19 mag (or HAB rv 16 mag)3 increases as the magnitude 
increases with a slope of 0.6 (dex mag-1 ), which is the value for the no evolution case in 
the Euclidean geometry.4 The figures also show that no ASTRO-F galaxies are detected in 
the magnitude region fainter than BAa rv 22 mag (or HAB rv 21 mag) for starbursts and 
BAs "'19 mag (or HAB rv 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 (z < 0.2, 0.2 < z < 1, 1 < z < 3, and 3 < z) in the case of the 120-ttm 
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 ;53, the ASTRO-F galaxies are 
brighter than BAs rv 22 (or HAB rv 20), corresponding to the detection limit of ASTRO-F. 
One high-z (z > 3) galaxy exists per rv 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 ;5 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 

3 BAa and HAB are the apparent AB magnitudes in Band H bands, respectively. 
4The slope is explained in §6.4. 
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· ulative number count of the ASTRO-F galaxies in the B band (per 
Figure 6.3: (a) Cum li resent the number of normal and star burst 
square ~egree). The. doltteTd han:o::~:~b:::~~~t is also shown with the solid line. (b) Same 
populatiOns, respective Y· e 
as (a), but in the H band. 
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Figure 6.4: (a) Cumulative number counts of the star burst 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 < z < 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 Q = 1.4, which T99 determined by using IRAS extragalactic source count 
data, is examined here. This model shows the luminosity evolution by a factor of 1.9 at z = 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-z 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 Q = 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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. 6 5· (a) Cumulative number count of the starburst population with our luminosity-
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Same as (a) but at H band. 
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Fi re 6.6: (a) Number counts of the star burst population ~th the luminosity evo!ution in 
~ f edsh'ft 1·n the B band (the meaning of the hnes are the same as F1g. 6.4a). various ranges o r 1 

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

As stated 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 Land flux S: 

(6.15) 

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

(6.16) 

where¢(£) is the luminosity function (¢(£) dL is the number of galaxies whose luminosity is 
between L and L + dL per unit volume). Since the magnitude is defined as m = 2.5log S + 
constant, we obtain 

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 NIR number count 
of galaxies expected to be detected by ASTRO-F. This model is based on the local observed 
data of IRAS, and is an extension of the IRAS results to a high-z universe. According to 
our model, such ASTRO-F galaxies have magnitude mABv;:!;, 21 at the Band H bands. The 
expected number of ASTRO-F galaxies at B and H bands per square degree is estimated 
to be 80 for starburst galaxies and 60 for normal spirals. This value is about 10% of the 
optical/NIR number count at the same magnitude. As for the redshift distribution, almost 
all of the normal galaries are located at z ;:S 0.1, and about 40% of the star burst galaxies are 
at z < 0.1, 50% at 0.1 < z < 0.2, 10% at 0.2 < z < 1, and 1% at z > 1. 

By considering the results obtained above together with the effects of the evolutions, 
the scientific targets of optical/NIR follow-up observations of ASTRO-F galaxies would be 
twofold: 

[1] The star formation history as well as a large-scale structure of the universe up to z "' 1 
is traced. The environmental effects on star formation in galaxies will be an important 
issue. 

[2] Extremely bright starburst galaxies in a high-z universe is searched. They may be in 
an early stage of galaxy evolution. 

ASTRO-F is expected to determine the position of a FIR source with an accuracy of 5" 
(Kawada 1998), which is estimated based on the accuracy of telescope pointing and of fitting 
to a beam profile. The observed number counts of galaxies in the bJ and K bands show that 
about 10-2 galaxies exist in a 5" x 5" field at an AB magnitude of 21 mag (e.g., Broadhurst, 
Ellis, & Glazebrook 1992). This means that a chance coincidence between ASTRO-F galaxies 
and normal optical galaxies is negligible within this magnitude limit, and thus we can select 
optical counterpart of ASTRO-F galaries almost uniquely. Since the expected redshifts of 
most of such ASTRO-F galaxies are low ( z ;:S 1), the optical spectroscopy will be good enough 
to determine the redshifts and natures of the sources. Considering that the number density of 
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ASTRO-F galaxies brighter than mAB ~ 21 mag is"' 100 deg-2
, a mul~i-object spectrograph 

'th a wide field of view (such as a fiber multi-object spectrograph) eqmpped to. a 4-8-m class 
~Ilescope is the best instrument to follow up the ASTRO-F survey. The obtamed database 
will be used to trace the SFH and large scale structures up to z f',J 1. . . 

It will be very inefficient to find high-z ultra-luminous FIR gal~es m such a survey 

described in the previous paragra~h because of it~ very lFol~sur~ac~ denl~trs. :;;~:~ :~:h;: 
h t btain a sample of h1gh-z ultra-lummous ga axies. 

approac o o . f th d h. fts of ASTRO-F galaxies based on a FIR color-color 
can make a rough estimate o e re s 1 rn k h' t 

b · th ee ASTRO-F bands as described in T99. ~a euc I e 
diagram of the sources Y usmg r ' h . b · · d · based 
al. (2001a) extended this technique to the sub-mm wavelen~h.' T eir :1~ 1 ~adi~ t t 
on the fact that the peaks in the spectra of the therm_al radlat~on from t . e :~:d o:~h~r 
high z is redshifted to a longer wavelength. After selectmg t~e high-: galaxles h b. t 
FIR colors we need to conduct deep spectroscopic observatiOns which tar~et t ese o JeC :· 

· h' hi h-z ob ·ects will have faint magnitude (mAB ~ 23), any optical c_ounterpar s 
::cen~~cbe u~iquely Jidentified; chance probability is not negligi~le in this magnitude ra~g~. 
Fu~h "dusty" galaxies may have fainter optical magnitude. Thus, deep multisht 

ermore, t or the integral field unit of a field of view of"' 10" will be required. 
optical/Nak~ spel~tlrotsc?p~ 5" 10" reuion would be difficult, the fiber spectroscopy would be 
Since m mg s 1 e s In - b. 1 ·n b · ped with 

ffi · t to identify the FIR source. Subaru te escope WI e eqmp 
~~~e~~~l~i-~~~ec~;~ectrograph (Maihara et al. 2000), which will be useful in the follow-up 

observations. 
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