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How to make a galaxy?
• 1st order:  background cosmology,  perturbation, dark 

matter, hierarchical formation, radiative cooling


• 2nd: the Frontier & central issues


• anisotropic cold/hot in/outflow, angular momentum

• star formation & feedback, quenching, downsizing

• anisotropic, inhomogeneous radiation


• 3rd:  Good Tests 
• high-z galaxy formation,  CGM/IGM

• environment: proto-clusters vs. field

Contents

→ Morishita review

cf.  Kakiichi, Momose review
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Quantum fluctuations
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timation method in its entirety, but it should be equally
valid.

7.3. Comparison to other results

Figure 35 compares our results from Table 3 (modeling
approach) with other measurements from galaxy surveys,
but must be interpreted with care. The UZC points may
contain excess large-scale power due to selection function
effects (Padmanabhan et al. 2000; THX02), and the an-
gular SDSS points measured from the early data release
sample are difficult to interpret because of their extremely
broad window functions. Only the SDSS, APM and angu-
lar SDSS points can be interpreted as measuring the large-
scale matter power spectrum with constant bias, since the
others have not been corrected for the red-tilting effect
of luminosity-dependent bias. The Percival et al. (2001)
2dFGRS analysis unfortunately cannot be directly plotted
in the figure because of its complicated window functions.

Figure 36 is the same as Figure 35, but restricted to a
comparison of decorrelated power spectra, those for SDSS,
2dFGRS and PSCz. Because the power spectra are decor-
related, it is fair to do “chi-by-eye” when examining this
Figure. The similarity in the bumps and wiggles between

Fig. 35.— Comparison with other galaxy power spectrum measure-
ments. Numerous caveats must be borne in mind when interpreting
this figure. Our SDSS power spectrum measurements are those from
Figure 22, corrected for the red-tilting effect of luminosity dependent
bias. The purely angular analyses of the APM survey (Efstathiou
& Moody 2001) and the SDSS (the points are from Tegmark et al.
2002 for galaxies in the magnitude range 21 < r∗ < 22 — see also
Dodelson et al. 2002) should also be free of this effect, but rep-
resent different mixtures of luminosities. The 2dFGRS points are
from the analysis of HTX02, and like the PSCz points (HTP00) and
the UZC points (THX02) have not been corrected for this effect,
whereas the Percival et al. 2dFGRS analysis should be unafflicted
by such red-tilting. The influential PD94 points (Table 1 from Pea-
cock & Dodds 1994), summarizing the state-of-the-art a decade ago,
are shown assuming IRAS bias of unity and the then fashionable
density parameter Ωm = 1.

Fig. 36.— Same as Figure 35, but restricted to a comparison
of decorrelated power spectra, those for SDSS, 2dFGRS and PSCz.
The similarity in the bumps and wiggles between the three power
spectra is intriguing.

Fig. 37.— Comparison of our results with other P (k) constraints.
The location of CMB, cluster, lensing and Lyα forest points in this
plane depends on the cosmic matter budget (and, for the CMB,
on the reionization optical depth τ), so requiring consistency with
SDSS constrains these cosmological parameters without assumptions
about the primordial power spectrum. This figure is for the case of a
“vanilla” flat scalar scale-invariant model with Ωm = 0.28, h = 0.72
and Ωb/Ωm = 0.16, τ = 0.17 (Spergel et al. 2003; Verde et al. 2003,
Tegmark et al. 2003b), assuming b∗ = 0.92 for the SDSS galaxies.

Present-day Matter Fluctuation



“1st-order” Galaxy Formation

Gas infall
& shock heating

DM halo forms.

Gas dissipates, 
cools, 

& forms a disk.
Rees & Ostriker ’77

White & Rees ’78
Fall & Efstathiou ’80

White & Frenk ‘91
Mo, Mao & White ‘98

Virial shock
Tvir

Gas inflow

Star, Galaxy Formation

“spherical cow”
PS theory



1st-order Galaxy formation
Rees & Ostriker ’77, White & Rees ’78, Fall & Efstathiou ’80, White & Frenk ’91, Mo, Mao & White ‘98 

DM halo DM halo 
forms

gas accretes 
& 

shock-heated

Cooling  
& 

disk galaxy 
forms

Phase Diagram



Cooling Curve
(Radiative Cooling Rate/Function)
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ionization equilibrium

detailed balance
principle

OI
FeII
SiII
CII

H2 + HD

Fig. 3.7. Left panel: The total cooling curve (solid line) and its composition from different pro-
cesses for a primordial mixture of H and He. Figure taken from [3]. Right panel: The total cooling
curve as a function of different metallicity. The part below 10 4K also takes into account cooling
by molecules (e.g., HD and H2) and metal lines. Figure taken from [95].

Note that almost all implementations solve the above rate equations (and therefore
the cooling of the gas) as a “subtime step” problem, decoupled from the hydrody-
namical treatment. In practice, this means that one assumes the density is fixed
across the time step. Furthermore, the time step of the underlying hydrodynamical
simulation is in general, for practical reasons, not controlled by or related to the
cooling time scale. The resulting uncertainties introduced by these approximations
have not yet been deeply explored and clearly leave room for future investigations.

For the formation of the first objects in halos with virial temperatures below
104K, the assumption of ionization equilibrium no longer holds. In this case, one
has to follow the nonequilibrium reactions, solving the balance equations for the
individual levels of each species during the cosmological evolution. In the absence
of metals, the main coolants are H2 and H+

2 molecules (see [99]). HD molecules
can also play a significant role. When metals are present, many more reactions are
available and some of these can contribute significantly to the cooling function below
104K. This effect is clearly visible in the right panel of Fig. 3.7 for T < 104K. For
more details, see Chapter 6 and Refs. 100, 95 and references therein.

3.5. Star formation and feedback

Once radiative losses are taken into account, the drop out of cold gas into collision-
less stars has to be modeled. This process is described in more detail in Chapter 6.
In brief, when gas exceeds a certain density threshold, the resolution element (either
the SPH smoothing length or the mesh size for Eulerian codes) is Jeans unstable and
represents a convergent flow, it is assumed that the individual resolution element
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ionization equilibrium

detailed balance
principle
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FeII
SiII
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Fig. 3.7. Left panel: The total cooling curve (solid line) and its composition from different pro-
cesses for a primordial mixture of H and He. Figure taken from [3]. Right panel: The total cooling
curve as a function of different metallicity. The part below 10 4K also takes into account cooling
by molecules (e.g., HD and H2) and metal lines. Figure taken from [95].

Note that almost all implementations solve the above rate equations (and therefore
the cooling of the gas) as a “subtime step” problem, decoupled from the hydrody-
namical treatment. In practice, this means that one assumes the density is fixed
across the time step. Furthermore, the time step of the underlying hydrodynamical
simulation is in general, for practical reasons, not controlled by or related to the
cooling time scale. The resulting uncertainties introduced by these approximations
have not yet been deeply explored and clearly leave room for future investigations.

For the formation of the first objects in halos with virial temperatures below
104K, the assumption of ionization equilibrium no longer holds. In this case, one
has to follow the nonequilibrium reactions, solving the balance equations for the
individual levels of each species during the cosmological evolution. In the absence
of metals, the main coolants are H2 and H+

2 molecules (see [99]). HD molecules
can also play a significant role. When metals are present, many more reactions are
available and some of these can contribute significantly to the cooling function below
104K. This effect is clearly visible in the right panel of Fig. 3.7 for T < 104K. For
more details, see Chapter 6 and Refs. 100, 95 and references therein.

3.5. Star formation and feedback

Once radiative losses are taken into account, the drop out of cold gas into collision-
less stars has to be modeled. This process is described in more detail in Chapter 6.
In brief, when gas exceeds a certain density threshold, the resolution element (either
the SPH smoothing length or the mesh size for Eulerian codes) is Jeans unstable and
represents a convergent flow, it is assumed that the individual resolution element
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Cooling Curve @ T<104 K

cf:  Tvir ~ 104 K for atomic cooling halo of Mh~108 M⦿ 

H2

H He

(for higher redshift, lower mass halos, or for star formation)



UV background (UVB) radiation

Haardt & Madau ’96, ’12;  Faucher-Giguere+’09;  Khaire & Srianand ’19; …

specific intensity: 



Net cooling rate with heating

With UVB: 

Weinberg+’97

dotted: 
cooling rate

dashed: 
photo-ioniz.  
heating rate

solid line:  
net rate

[erg cm3 s-1]



Useful code packages for cooling

https://grackle.readthedocs.io/en/grackle-3.1.1/Grackle :
by B. Smith(taken out of Enzo AMR simulation)

KROME: http://www.kromepackage.org/

Cloudy: https://www.nublado.org/
by G. Ferland+

by Grassi, Bovino+

http://cdsweb.u-strasbg.fr/~allen/shock.htmlMAPPINGS III:
by Allen+

shock & photo-ionization model

https://grackle.readthedocs.io/en/grackle-3.1.1/
https://grackle.readthedocs.io/en/grackle-3.1.1/
http://www.kromepackage.org/
http://www.kromepackage.org/
https://www.nublado.org/
https://www.nublado.org/
http://cdsweb.u-strasbg.fr/~allen/shock.html
http://cdsweb.u-strasbg.fr/~allen/shock.html


Framework of Computational Cosmology

General Relativity
Einstein Eqn Friedmann Eqn

Cosmological 
Parameters

FRW metric

Fluid Dynamics

SPH

AMR

Eulerian mesh

Moving mesh

Atomic-Molecular 
Physics

Gravity N-body techniques

Time evolution of space-time

UV background

Star Formation 


MS, SN, BH feedback

Pop. synthesis

+

+ Initial Condition

(Ch.2 of Encyclopedia of C.)

for DM, stars

Radiative cooling




Cosmological Hydro Codes
Eulerian mesh  (e.g. Cen & Ostriker ’92;  KN+’01)  


AMR (adaptive mesh refinement: e.g. Enzo, RAMSES, etc.)


SPH  (Smoothed Particle Hydrodynamics: e.g. GADGET, GASOLINE, etc.)

- Eulerian mesh, PM gravity solver, shock capturing hydro

- fast; good baryonic mass resolution at early times

- low final spatial resolution in high-ρ regions, but good at low-ρ regions

- Lagrangian, particle-based (both gas & dark matter)

- Tree-PM for gravity

- SPH for hydro

- fast; good spatial resolution in high-ρ region, but 


not so good in low-ρ region


- Eulerian root grid, refine as necessary

- multi-grid PM gravity solver, ZEUS hydro, PPM hydro

- high dynamic range, but slower

AMR-SPH 
comparison:  

O’Shea, KN+ ‘05



Moving mesh method: Voronoi tesselation

Pen ‘98 Springel ‘10

Mesh-less method:

Hopkins ‘12

regular SPH

AREPO

Furthermore, 

Gizmo
(based on GADGET-3)



Cosmological Hydrodynamics

Cen ’92; Cen & Ostriker ’93~; …   

Mass consv.

Momentum consv.

Energy consv.

total specific energy 
per comoving vol.

⇢
<latexit sha1_base64="dFq3MaiXfsbZRR3by8IBBeRlBOg=">AAAB63icbVDLSgNBEOz1GeMr6tHLYBA8hd0o6EkCXjxGMA9IljA7mc0OmccyMyuEkF/w4kERr/6QN//G2WQPmljQUFR1090VpZwZ6/vf3tr6xubWdmmnvLu3f3BYOTpuG5VpQltEcaW7ETaUM0lblllOu6mmWEScdqLxXe53nqg2TMlHO0lpKPBIspgRbHOprxM1qFT9mj8HWiVBQapQoDmofPWHimSCSks4NqYX+KkNp1hbRjidlfuZoSkmYzyiPUclFtSE0/mtM3TulCGKlXYlLZqrvyemWBgzEZHrFNgmZtnLxf+8Xmbjm3DKZJpZKsliUZxxZBXKH0dDpimxfOIIJpq5WxFJsMbEunjKLoRg+eVV0q7Xgsta/eGq2rgt4ijBKZzBBQRwDQ24hya0gEACz/AKb57wXrx372PRuuYVMyfwB97nDx/Gjkc=</latexit>

: comoving density

u
<latexit sha1_base64="cj7pNkPvnMvh/wBAmIpUJp22irc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoCcpePHYgq2FNpTNdtKu3WzC7kYoob/AiwdFvPqTvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewtr6xuVXcLu3s7u0flA+P2jpOFcMWi0WsOgHVKLjEluFGYCdRSKNA4EMwvp35D0+oNI/lvZkk6Ed0KHnIGTVWaqb9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2rWqd1GtNS8r9Zs8jiKcwCmcgwdXUIc7aEALGCA8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AOHHjPk=</latexit>

: proper peculiar vel.

Plus

where



H, He, Hii, Heii, ….

radiation

EOS
Cen ’92



Background Cosmology 

Gravitational Instability 

N-body dynamics (Dark Matter) — Ch.2 of EoC 

Hydrodynamics — Ch.3 of EoC 

Radiative Cooling of Gas, UVB 

Star Formation, Chemical Enrichment 

Feedback (SNe, AGNs)

“Recipe” for Galaxy Formation

+ spherical collapse model



Three Revolutions in Cosmological Hydro 
Simulations

1990’:  1st 
Revolution

2001-2011
2nd Rev.

2012~
3rd Rev.

First cosmological, but 
coarse calculation

e.g. Cen, Ostriker ’92-’93
    Katz+ ’96

Resolution~100 kpc
Resolution ~ kpc Resolution~ 10-100pc

e.g.   KN+ ’01, 04, 06
        Springel & Hernquist ’03

Larger scale, medium 
resolution w. 

subgrid models
Zoom-in method allows 

much higher res. 

IC code: GRAFIC (Bertschinger)
         MUSIC (Hahn & Abel ’11)



Setting Up a Zoom-in Simulation

GO BACK

Identify Target Region

MUSIC (Hahn & Abel ’11) + Thompson’s 
SPHGR (python analyses code suite)



Cosmological box Zoom-in region

color=temperature,  intensity=gas density
yellow dots = stars

Thompson & KN ’13



z~2moderate res. zoom sim:  
~1.25 ckpc/h



Gas Density Temperature

Shimizu, KN+19AGORA L12 sim.
movie available in keynote and pptx here: 

https://www.dropbox.com/sh/ebocq9px5fyelwk/AAAHMhQsukOhsVJR7miESjama?dl=0



TemperatureMetallicity

AGORA L12 sim. Shimizu, KN+19
movie available in keynote and pptx here: 

https://www.dropbox.com/sh/ebocq9px5fyelwk/AAAHMhQsukOhsVJR7miESjama?dl=0





Galaxy formation with cold flows

Keres+’05

50%

50%

DM halo

gas accretes 
spherically 

& 
filamentary

DM halo 
forms

Cooling  
& 

disk galaxy 
forms

cf.  Kosei Matsumoto talk



Criteria for cold flows

Dekel & Birnboim ’06

tcomp = � �

r · u ⇠ �tff

tcool =
3
2nkBT

n2
H
⇤(T, Z)

Mhalo(z)

at some point,
Compute

tcool
tcomp

at Rv and examine the 
redshift evolution. 

shock stability criterion
tcool > tcomp

x cold phase (cold flows)

hot phase

tcool
tcomp

= 1

cf.  Kosei Matsumoto talk



“Cold Flow Disk”

Extended, flattened rotating structures of high–J material.

z~3

Stewart+’17



Stewart+’17

Cold gas in halos have 4x J
than dark matter

λDM ≃ 0.04 

λcold ≃ 0.15

λx ≡ jx/ 2V R
spin param.

cf. angular momentum catastrophe in ‘90s (Steinmetz, …)



History of SN Feedback Treatment

Simple thermal feedback

Phenomenological subgrid model (thermal + kinetic) 
based on galactic properties (SFR, Mstar, Mhalo)

1st phase
‘90s

2nd phase
’00-‘10

More direct, local, 
thermal+kinetic+radiative feedback

3rd phase
’10~

(w/ zoom sim)

Multi-phase ISM 
model

“Overcooling problem”

cf.  Yuri Oku’s talk



SN feedback efficiency

Type II SNe: 
injected into ISM.

~30% of this couples to ISM as kinetic E —> galactic wind (GW)

Kinetic energy of GW:

mass-loading 
factor

Energy-mass 
deposition 

rate

(IMF)

GW velocity



“Energy-driven”  vs.  “Momentum-driven”

ṀW = �Ṁ�,

Energy-driven:

Momentum-driven:

� =
�

�0

�gal

�2

� =
�0

�gal

�0 � 300 km s�1

1
2
ṀW V 2

W � ĖSN � SFR

VW � Vesc � �gal

ṀW VW � Ṗrad � SFR

Radiation pressure from massive stars 
and SNe is applied to the dust 

particles, which entrains the wind

Higher mass-loading factor for lower mass galaxies.
Murray+ ’05

� : mass-loading factor

Galactic Wind (Kinetic) Feedback
Need to specify Ṁw and Vw

cf. Choi & KN ’10



Feedback in Zoom-in Cosmo Sim

Hopkins+’13;  Muratov+ ’14

Mass Loading Factor : η

(≈ Momentum-driven)

Wind Velocity

(steeper than Energy-driven)

(Vw ~ Vc ~ Mh1/3 ~ SFR1/2)

Models w/ more direct momentum input: 



Sugahara+19

Using blue-shifted 
absorption lines

Si II  λ1260 
C II  λ1335 

Si IV  λ1394, 1403  



Extended [CII] emission profile
from stacking ALMA & HST data

4’’ x 4’’
Fujimoto+ ’19

NAOJ press-release on Dec 16, 2019

[Cii]

lines: synthesized  
beam profile



[C II]  profile: comparison w. simulation

4”x4” sim 
image

- What powers the emission?
- How does carbon enrichment happens so widely in the early universe?

ALMA+HST stacks

Fujimoto+19solid line

dashed



[C II]  intensity profile & ALMA PSF

More massive halo 
—> more extended 

profile.

Sim. profile is 
steeper near the 

center.

cf. Zhang+19

Lya profile

Arata, Yajima, KN+’18, ‘20



Different possibilities of [CII] halo

(HII region)

Lyα : fluorescenceLyα : scattering

larger HII region

Fujimoto+19

anisotropy?
coldness?

multiphase?



[C II]
[O III]

Offset between [O III] and [C II]

Halo-11 @z = 11

Σgas

Ionizing photons escape
perpendicular to filament

Combined obs of [O III] and [C II] 
will reveal ionizing structure 
of reionization 

⇒ Reionization <latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

 <latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit><latexit sha1_base64="(null)">(null)</latexit>

 
<latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit> <latexit sha1_base64="(null)">(null)</latexit>

ionizing
photons

Arata+’20cf. Vallini+15; Pallottini+14,15,17,19; Moriwaki+18; 
Katz+19; … 



Pizzati+201D Cold Outflow model
ne

t c
oo

lin
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te

Te
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re

fesc = 0.2 fesc = 0.0

const SFR=50 M⦿ yr-1

Salpeter IMF

Galactic flux based on

η ∼ 3best-fit : 
vcirc ∼ 170 km s−1

·Mout ∼ 130 M⊙ yr−1

vout ∼ 300 − 500 km s−1



Lyα forest mean flux contrast vs. Impact param.

galaxy

Impact 
parameter

Stronger HI absorption

Impact Parameter

(cf.  Sorini+)

IGM
CGM

K. Fujita+’19  M-thesis

Flux Contrast

ηF ≡ − δF = 1 −
F

⟨F⟩
F = e−τ



Sorini+20
Sorini+18

Stellar feedback is the dominant driver.
(AGN subdominant.)

Sorini+20



Flux Contrast : updated results

KN+’20, submitted



2D Velocity Structure 
Turner+’17 (KBSS):  log(τ) in color

Li
ne
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f S
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ht
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e

Transverse Distance

Observed 1010.5 M⦿ 1011.5 M⦿ 1012.5 M⦿



cf. Chen+20

KN+’20, submitted

Turner+17

KBSS data FIRE sim



Turner+’15

(a) different models for the ionizing background radiation; 
(b) simulations run at a higher resolution; 
(c) inclusion of additional line broadening due to unresolved turbulence;
(d) increased elemental abundances. 

Sim. underpredicts 𝝉CIV(𝝉HI) significantly.

(but OIV better agreement)
8 QSOs, <z>~3.75

Possible solutions?

(comparison btw obs. & EAGLE sim.)

Outflows need to entrain more cold gas w. metals?

CIV Si IV O IV

cf. similar suggestion from [Cii] obs.



Protocluster

KN+’20, submitted

hot X-ray gas
temperature

gas overdensity
HI overdensity

metallicity

HI gas contributed more 
by individual galaxies 

rather than diffuse ICM

cf.  Keita Fukushima talk

solar

@ z~2.1
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Figure 12. Flux contrast around the proto-cluster shown in
Fig. 11 at z ⇠ 2 as a function of impact parameter from the
protocluster center. The blue crosses show the average flux
contrast in each radial bin, and each data point is an average
of 8 LoS with the error bar showing the min/max scatter.
The other observational data points and lines are the same
as in Fig. 5d and shown for comparison. Additionally, black
open circles are from Mukae et al. (2020), possibly indicating
quasar proximity e↵ect.

to cosmic variance within ⇠ 100h�1cMpc scale. The
redshift evolution of the flux PDF is as expected, where
the fraction of low-transmission lines increases with in-
creasing ⌧e↵ towards higher redshift. The variation of
flux PDF is not so significant due to changes in the SN
feedback model and self-shielding treatment.
The simulated 1D Ly↵ power spectra show more intri-

cate deviations from observations, and requires further
analyses to understand them. Our Fiducial model cap-
tures the higher k modes well at log k > �1.3 at z ⇠ 2.4,
but at the same time underpredict the power at interme-
diate scale of log k ⇠ �1.5, and then overpredict at the
large scale of log k < �2.5. This may have to do with the
fact that we have not tuned our thermodynamic parame-
ters (e.g. gas temperature) like the FGPA method using
N -body simulations to match the observations. Di↵er-
ent models (NoFB, CW, Shield, FG09) deviate from the
Fiducial run, but not as much to describe all the devi-
ations that we described above. In the future, we will
continue to examine the 1D Ly↵ power spectra using
higher resolution and larger box-size simulations.
Perhaps the most direct and easy to understand statis-

tics is the flux contrast ⌘F as a function of impact
parameter b from galaxies (Fig. 5). On large-scales
of b > 1h�1cMpc, we find good agreement with ob-
servational estimates and the previous result by Lukić
et al. (2015), which supports the correctness of the
⇤CDM model and the large-scale structure that it pre-

dicts. On the other hand, on small scales, we find sig-
nificant variations due to di↵erent parameters, such as
the galaxy mass, probing depth, redshift, and feedback
models. Overall our results show good agreement with
currently available observations, however, we find an
important dependence of ⌘F on galaxy stellar masses,
where more massive galaxies are surrounded by more
abundant Hi gas with higher flux contrast. If one com-
bines all the signals from all galaxies and average them
over, then the stronger signal from more massive galax-
ies (M? � 1011 M�) is diluted by that of lower mass
galaxies, and the flux contrast appears to be reduced in
the proximity of galaxies.
We also see some (but not so significant; ⇠ 20� 30%)

variations in ⌘F on small scales depending on the physi-
cal treatment of feedback, self-shielding of gas, star for-
mation, and UVB. It is somewhat counter-intuitive that
the No-FB run has the lowest contrast, which is prob-
ably because much of the cold gas is consumed by star
formation in the high-density galactic center. The CW
run is the second lowest, owing to its e�cient removal
of gas from galactic potential with strong galactic wind.
The Fiducial and the Shield model have about the same
level of ⌘F on small scales. The FG09 run has the high-
est level of ⌘F relative to the HM12 model in the Fidu-
cial run. While these deviations are interesting to dis-
cuss, the variation due to galaxy stellar mass and the
probed path length (�v) is larger than that due to dif-
ferent feedback models. The redshift evolution of ⌘F is
not so strong during z = 2 � 3, but clearly the contrast
at z = 3 is higher than that at z = 2 at all scales of
100 ckpc < b < 20 cMpc due to higher ⌧e↵ . We find
strong flux contrast around a proto-cluster at z ⇠ 2
in our simulation, which is comparable to that for the
galaxies withM? � 1010�1011 M� (Fig. 12). This result
certainly lends support for finding more proto-clusters
via Hi tomography and massive galaxies associated with
it.
The cross-correlation between galaxies and Hi ab-

sorbers shows expected trends. For example, the higher
EW sample is more correlated with galaxies than the
lower EW sample, because more neutral Hi gas is ex-
pected to be closer to the galaxies. More massive
galaxies have stronger CCF signal on larger scales of
> 500 ckpc, but the signal becomes noisy at smaller
scales. The redshift evolution of CCF signal is not so
strong, but we do see that it is stronger at z = 2 than at
z = 3 at least on larger scales of > 1 cMpc, as the cos-
mic structure develops and galaxy clustering becomes
stronger. Our 2D CCF result (Fig. 9) shows the finger0-
of-god feature similarly to Turner et al. (2017), but it
would require a transverse resolution of < 1 cMpc res-

Flux contrast of a protocluster

KN+’20

cf. Prochaska+13; Lee+14; Cai+16, 17; Liang+20; Miller+19

Mukae+’20
MAMMOTH QSO region
proximity effect?

consistent w/ 
Sorini+’18

asymptote to  
cosmic IGM

→ support for ΛCDM

PFS

JWST, TMT, ELT×

×

× × × × ×

×

z~2.2

HI

HI

LoSradiation

×

×
×

×

××
×
×



Summary

• High-z gal. formation: good testing lab of ΛCDM paradigm 

• Interplay btw SF & Cold flow, multiphase outflow


• IR lines — extended [Cii], Ly𝛼, H𝛼 profiles — stronger cold 
outflow? (kinetic FB & thermal instability? cosmic rays?)


• Ly𝛼 flux contrast, IGM tomography (PFS) — ISM/CGM/IGM


• Proto-cluster flux contrast  → PFS,  FOREVER22


• AGN feedback (→ Kohno, Sugimura review)

— gal. growth & quenching

(→ Kakiichi, Momose review)

(→ Morishita review)



課題（銀河理論）
• MBH— σ（MBH —Mbulge) 関係をもとに銀河とSMBHは共進化したと言われて
いるが、 そもそも本当にMBH— σ 関係は存在するのだろうか。 本当に銀河
とSMBHは共進化したのだろうか。これらを反証するには どのような観測や
シミュレーション研究を行えば良いだろうか。 It is often said that galaxies 
co-evolved with SMBH based on MBH—σ relation, but does the correlation 
really exist, and did they co-evolve?  What kind of obs. & simulations shall 
we carry out to disprove it?


• 銀河の成長を制御していると言われている超新星・AGNフィードバックモデ
ルを制限するためには、どのような観測やシミュレーション研究を行えば良
いだろうか。 それぞれ考えてプロジェクトを提案せよ。可能な限り具体的な
パラメータなども示せ。 What kind of obs. & simulations shall we carry out 
to constrain SN & AGN feedback models?  Propose some comparison 
projects with concrete parameters as much as possible. 


