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1 Galaxy Formation and Evolution 
1.1 Galaxy formation and evolution 
Matter density in the Universe is dominated by dark matter. 
First dark matter forms clumps through gravitation (dark 
halo).   

Dark halo 



1.1 Galaxy formation and evolution 

Dark halo 

First stars	

First stars start to form in dark halos. When the first stars 
explode as supernovae, first heavy elements are supplied in the 
Universe.  　 



Dark halo Galaxy 

When the heavy elements are supplied, the physical condition 
of gas becomes much more suitable for star formation. This 
causes a burst of star formation which leads to galaxy 
formation.  

1.1 Galaxy formation and evolution 



Dark halo Galaxy 

Dark halos merge other halos and grow. Sometimes galaxies in 
a halo also merge, sometimes not immediately.  

1.1 Galaxy formation and evolution 



Dark halo Galaxy 

Merging of halos and galaxies proceed. Gas turns into stars in 
each galaxy and the galaxy grow itself.  

1.1 Galaxy formation and evolution 



Dark halo 銀河 

Halos and galaxies grow to form giant galaxies. The 
morphology of galaxies strongly depends on their merging 
history. Heavy elements in galaxies increase with star 
formation. 

1.1 Galaxy formation and evolution 



1.2 The cosmic star formation 

(Today)　　　　　　　　　　　　　　　　　　(Early epoch) 
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(Hopkins & Beacom 2006) 
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Interesting epoch	



After the foundation of galaxy bodies, various aspect of 
galaxies, like star formation, merging, morphology, etc. 
change drastically at z = 1-2.  
The physics of HI in this period is not examined almost at 
all.  

Important redshift in galaxy evolution 1 



1.3 From the Dark Age to the Cosmic Dawn 

The Dark Age, first object formation, and collective star 
formation mode (galaxy formation) is the period when 
galaxies start to form and grow.  



Galaxies emerge from tiny fluctuations of neutral hydrogen, 
and start to grow at 3 < z < 20 (EoR would be 6 < z < 20). 
The only probe of the Dark Age is HI. First galaxies might 
have formed from a (mini)halo with large amount of neutral 
hydrogen.  

Important redshift in galaxy evolution 2 



The cosmic history probed by neutral hydrogen 
Focused property in previous studies on galaxy evolution: 
star formation rate (SFR) 
 
Observational indicator of SFR 
•  Ionizing UV photons from OB stars 
•  Recombination lines from HII regions 
•  Forbidden lines from HII regions 
•  Non-ionizing UV photons 
•  IR re-emission from dust 
•  PAH band emission from photodissociation regions 
•  Synchrotron radiation 
•  X-ray emission from binaries, etc. 

Though they give information on the SFR, but does not provide 
more fundamental information on the transformation from gas 
to stars.⇒　SKA! 



2 New Issues in Galaxy Evolution 
2.1 Galaxy evolution at SKA bands 
Today, the HI surveys of galaxies are shallow (> mJy), with 
poor angular resolution.  

NRAO VLA Sky Survey (NVSS) 
Sydney University Molonglo Sky Survey (SUMSS) 
Faint Images of the Radio Sky at Twenty-cm (FIRST) 
Westerbork Northern Sky Survey (WENSS) 
The HI Parkes All Sky Survey (HIPASS)  
The Arecibo Legacy Fast ALFA Survey (ALFALFA) 
etc. 
 
< z > ~ 0.01-0.06 

⇒ We can discuss statistically only nearby galaxies, and it is 
difficult to explore their evolutionary aspects.  



2.2 Luminosity and mass function of galaxies at radio 

1.4GHz continuum 
luminosity function by 
NVSS and 6dFGRS.  

The radio LF cannot be 
approximated by a 
Schechter function, 
unlike optical, NIR or 
UV LFs.  

It cannot well fitted by a 
double power-law unlike 
the FIR LF.  (Mauch & Sadler 2007)	

1.4 GHz continuum luminosity function 



If we divide the sample 
into star forming galaxies 
and AGNs (radio 
galaxies), the LF of each 
population can be well 
approximated by a double 
power-law like function 
similar to FIR galaxies. 
(Machalski & Godlowski 
2000; Mauch & Sadler 
2007) 

⇒The ratio of the two 
populations evolve? (Mauch & Sadler 2007)	

2.2 Luminosity and mass function of galaxies at radio 
1.4 GHz continuum luminosity function 



Stellar mass range	

HI mass function	

This constrains the models of galaxy evolution. 	

HI mass function (GASS) 

(Lemonias et al. 2013) 



(McGaugh et al. 2000)	

If we consider the HI mass and evaluate the TF relation with 
baryonic mass, the linearity is regained (McGaugh et al. 2000).  
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2.3 Scaling laws including gas properties of galaxies 
Baryonic Tully-Fisher (BTF) relation 



(McGaugh et al. 2010) 
Toward lower HI masses! 

The extended BTF has different 
slopes for the dSphs, normal galaxies, 
and galaxy clusters. The slope 
becomes shallower for larger objects. 
(clusters:  violet symbols, giant 
galaxies: blue symbols, and dwarf 
spheroidals: red symbols).  
 
⇒ Feedback? 
 
However in current studies, gas-rich 
dwarfs are missing in the sample.  

The “extended” BTF 



To detect HI emission down to HI mass = 103 M☉(~ baryon 
mass of a dSph),we need  
 
 
 
at 3 Mpc. 
 
⇒ Sensitivity of SKA1 is enough.  

Required sensitivity for the studies of nearby galaxies 
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From the point of view of galaxy evolution, the SFR is the 
most interesting properties. We want to explore the scaling 
laws including the SFR.  

Star forming galaxy main sequence 

Prominent sequence of star-
forming galaxies on the M*-
SSFR: star-formation main 
sequence. 

cf. It corresponds to the blue 
cloud on the classical color-
magnitude diagram.  

Specific star formation rate (SSFR) 

(Schiminovich et al. 2007) 



The star formation main sequence consists of secularly 
evolving star-forming galaxies (i.e., not merging galaxies).  

 Starburst galaxies like 
ULIRGs largely deviate from 
the main sequence (e.g., Buat 
et al. 2007).  

(Buat et al. 2007) 

Star forming galaxy main sequence 



Relation to various physical 
properties are examined (dust 
temperature, clumpiness, 
etc.).  
Especially the dependence on 
the molecular gas amount is 
of current interest (Genzel et 
al. 2012; Magnelli et al. 2012).  
 
Observations of CO reach 1 < 
z < 2, but are not yet a survey.  
HI is far from reachable at 
these redshifts.  (Genzel et al. 2012) 

The star formation main sequence consists of secularly 
evolving star-forming galaxies (i.e., not merging galaxies).  

Star forming galaxy main sequence 



Schmidt-Kennicutt law 

The relation between gas and SFR surface density is known 
as the Schmidt-Kennicutt law. 

A single power law is seen for a 
wide range of gas surface density, 
but the value of the slope is still 
under debate.  

(Kennicutt & Evans 2012) 



(Kennicutt & Evans 2012) 

The S-K law represents the relation between the total gas mass 
(HI + H2) and the SFR surface density. 

To discuss the evolution of 
the S-K law, we need to 
observe HI gas at 1 < z < 2 
as well as CO.  
 
⇒ SKA1 to SKA2 
 
Synergy with molecular 
observation is important! 

Schmidt-Kennicutt law 



H2 amount is determined by the balance between formation 
and dissociation. Column density of gas required to have 
enough shielding (assuming Z = Z☉):   

  ΣH2 ~ 10 M☉pc-2 

　 	 	NHI ~ 1021 cm2 
These values agree with observation of nearby galaxies.	

2.4 Transition from atomic to molecular hydrogen  

(Bigiel et al. 2008) 



Radio 

(Condon 1992) 
Synchrotron from cosmic rays supplied by SNe ⇒ SFR 

We need to avoid the free-free self-absorption of dense (> 103 
cm-3) ISM regions, we should observe at ν > 15/(1+z) GHz.  

Synchrotron	

Dust	

Free-free	

M82	

2.5 Radio continuum 



Estimation of 1.4 GHz flux density of galaxies with various 
LIR assuming the FIR–radio correlation (qIR = 2.64). 	

N.B. Murphy (2009) claims 
that the electrons might be 
consumed for the Compton 
scattering of the CMB and 
the Synchrotron radiation 
could be weaker than the 
Local value.	

Assuming normal LIRGs 
at z = 4-10, the detection 
limit should be < 10 nJy. 	

(Murphy 2009)	

2.5 Radio continuum 



2.6 Exploration of forming galaxies by HI absorption 
Observation of gas-dominated galaxies 
At optical wavelengths, QSO absorption line systems are 
known to be a good probe for gas-rich galaxies at high-z.  

Quasar Observer 



Quasar Observer 

The systems with especially high column density are 
observed as damped Lyman α systems (DLAs). They are 
thought to be progenitors of present-day giant galaxies.  

2.6 Exploration of forming galaxies by HI absorption 
Observation of gas-dominated galaxies 
At optical wavelengths, QSO absorption line systems are 
known to be a good probe for gas-rich galaxies at high-z.  



Quasar Observer 

We want to detect DLAs, but highest column density 
systems extinguish the background quasar continuum and 
might be dropped from the selection (Vladilo & Péroux 
2005). 

Observation of gas-dominated galaxies 

But they are possibly the system just before the first starburst 
which we really want to observe.  
 
⇒ How to avoid this selection bias? 



Quasar Observer 

We should select quasars at radio, and survey the 21-cm 
absorption line systems: suitable for the science of SKA2! 

Advantages compared with the observation of optical/UV 
absorption systems: 
  
1.  At radio, dust extinction is negligible.   
2.  Thanks to the small cross section, very high column 

density systems can be observed.  

Observation of gas-dominated galaxies 



Requirement to an unbiased detection of DLAs: 

1.  For a typical QSO (~ 100 mJy), to detect a system with τ ~ 
0.001, rms ~ 33 nJy is required.  

2.  The dynamic range in frequency should be 35 dB to have a 
noise revel of 1/3000 for a continuum.  

3.  Pointed observations: to detect τ ~ 0.001 systems, SKA-
LOW pointed observations for ~ 10 hr per each system is 
ideal.  

(Tee & Hirashita) 

Statistics of the HI absorption line systems 



3 Summary 
1.  Statistical discussions on the HI and radio continuum is 

limited at z ~ 0, and the evolution of the LF is not 
understood. This affects the prediction for SKA2, and to 
be clarified at SKA1 phase.    

2.  Studies on the scaling laws including gas is also limited for 
nearby large galaxies because of the shallow HI 
observation.  

3.  The baryon Tully-Fisher relation (BTF) is suggested to 
deviate from a single power law at smallest mass galaxies. 
SKA1 can detect galaxies with Mgas ~ 103M☉, and 
therefore a suitable theme.   

4.  The evolution of the transition of gas to stars in star 
formation main sequence galaxies can be explored from 
SKA1 to SKA2.  



5.  Schmidt-Kennicutt law is only examined for nearby 
galaxies because of the shallow HI observation. This will 
also be studied by SKA1 to SKA2. A synergy with 
molecular observation is crucial.   

6.  Transition from atomic to molecular hydrogen can be 
studied for each molecular cloud in nearby galaxies by a 
high resolution SKA observation.  

7.  Synchrotron radiation is related to the star formation 
activity through SN rate, and can be used for the studies 
on the star formation at high-z. High-energy electrons are 
claimed to be consumed by the inverse Compton 
scattering with the CMB. If we consider this effect, the 
sensitivity of the SKA2 is required.  

3 Summary 



8.  An observation very unique for SKA is the detection of the  
21cm absorption line systems on a QSO spectrum, caused 
by gas-rich galaxies just before the first starburst. Unlike 
DLAs, the 21-cm line system is free from the selection 
effect by dust extinction. Theoretical modeling of minihalo 
models is developed in parallel.  

3 Summary 


