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TAO-SWIMS
• NIR multi-object spectrograph / imager for TAO6.5m
• max 9.6arcmin FOV (6.6x3.3arcmin on Subaru)
• λ = 0.9 - 2.45 µm
• Photometry, Multi-object spectrograph (R~1000)
• Simultaneous 2-band obs (0.9-1.4 and 1.4-2.45µm)
• Early 2016:  to Subaru
• Aim:  In 2018,  first light on TAO6.5m, Chile

Simultaneous-color Wide-field Infrared Multi-object Spectrograph

• Detailed investigation of galaxies at 1<z<5 (peak of formation)
• Use IFU and study galactic structures at 1<z<5
• Internal structures of dusty gals (ULIRG/LIRG;  e.g. Pa-α)

What do theory & numerical simulations tell us?
Remaining issues in simulations — What can SWIMS do?

Spec & Plans



Outline

• Introduction 

• Numerical Cosmology:   Cosmological Hydrodynamic 
Simulations 

• the 3rd Revolution:  Zoom-in Cosmo Hydro Sims.

• Key Physical Processes for Feedback:  Stellar, SN, AGN 

• Remaining Issues?



“Back-bone of structure”

``Concordance ΛCDM model ”

• Successful on large-scales

• Can we understand galaxy 
formation in this context?
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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.

Tegmark+ (2004)

WMAP, Planck

FFT

(⌦M ,⌦⇤,⌦b, h,�8, ns) ⇡ (0.3, 0.7, 0.04, 0.7, 0.8, 0.96)
SN Ia

simulate

(>1Mpc)

⌦DM ⇡ 0.26



380,000 yrs Recombination

Dark Age

First Starsz~15-20

First Galaxiesz~10-15

z~6 Reionization

Galaxy Formation and Evolution SWIMS

z~5

z~1



Computational Cosmology
Self-consistent galaxy formation scenario 
from first principles (as much as possible)

z~1100

Initial conditions
z=10

z=3
Cosmological params, 

Dark energy, Dark matter,  
Baryons  

(+expanding universe)

Radiative

cooling/heating,

Star formation,

 & Feedback

z=100

z=0

Gravity + Hydrodynamics



Three Revolutions in Cosmological Hydro Simulations

1990’:  1st 
Revolution

2001-2011
2nd Rev.

2012~
3rd Rev.

First cosmological, but 
coarse calculation

e.g., Cen ’92
    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. 

e.g. MUSIC (Hahn & Abel ’11)



Dark Matter Halo —>  Galaxies
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(cf. Press-Schechter theory)
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Stellar-to-Halo Mass Ratio (SHMR)

Behroozi+’10, ‘13

(cf.  Ilbert+’10;  George+’11;  Leauthaud+’12)



“FEEDBACK” has been the KEY

• Energy(Light, Mass) is ejected, and affect later evolution 
of the system.

• What,  Who,  Where,  When,  Why,  How ?  

• What? : Radiation,  Mass (gas, dust)

• Who?：SNe,  SMBH(AGN),  Massive Stars(MS)

• Where? :  galaxy,  star-forming region,  black hole 

• When,  Why,  How?



Prevalence of Galactic Wind Feedback

Purple:  Hα+NII

Blue: HST, optical
M82 NGC3079

Blue:  Chandra (X-ray)
Red Green:  HST (optical)

-- Pollution of Intergalactic Medium by metals



Ubiquitous Outflows in High-z SF Galaxies

(Fig. from Erb ’15)

~200 km/s ~500 km/s shift

Back-scattering of Lyα
Absorption

z=2.7 lensed LBG (MS1512-cB58;  Pettini+’02)

(see also  Pettini+’01; Shapley+’03)

(Weiner+’ 09)

z~1.4  DEEP2 (1492 gals)
Mg II absorption in co-added spectra

Vwind ⇠ SFR0.3

Vwind ⇠ SFR0.35 (Martin+’ 05)low-z ULIRGs



Supernova(SN) Feedback

• Source of radiation, metals, 
cosmic rays;  Etot~1053 erg/SN

• Total FB energy: Efb~1051 erg/SN 

• —> Efb~1048-49 erg/M⦿  (Ek, Eth)

• Outflows, Suppression of SF

Crab Nebula — SN 1054  (NASA, ESA)

mesh codes
SPH

(White & Rees 78; Dekel & Silk ’86)

Vw • Kinetic energy & momentum
• Thermal energy
• Type I, II



Historical Flow Chart 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 models

3rd phase
’10~

(w/ zoom sim)



“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



Choi & KN ’10

Impact of Momentum-driven Wind on IGM
2584 J.-H. Choi and K. Nagamine

Figure 3. Same as in Fig. 2, but for the projected internal energy (
∫

udz): CW, NW, ME, 1.5ME, EE and 1.5MM runs from the top left-hand panel to bottom
right-hand panel. The IGM temperature is significantly higher on much larger scales in the CW run (top left-hand panel) than in the other runs. The MVV runs
hardly heat the IGM on large scales.

Figure 4. Same as in Fig. 2, but for the projected metallicity (
∫

Z dz): CW, NW, ME, 1.5ME, EE and 1.5MM runs from the top left-hand panel to bottom
right-hand panel. The metals are spread over much broader regions in the CW run than in the other runs. The MVV runs also spread a significant amount of
metals over the IGM, while the NW run (top middle panel) hardly spreads metals.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 2579–2592
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∫

Z dz): CW, NW, ME, 1.5ME, EE and 1.5MM runs from the top left-hand panel to bottom
right-hand panel. The metals are spread over much broader regions in the CW run than in the other runs. The MVV runs also spread a significant amount of
metals over the IGM, while the NW run (top middle panel) hardly spreads metals.

C⃝ 2010 The Authors. Journal compilation C⃝ 2010 RAS, MNRAS 410, 2579–2592

Projected metal densityTemperature

10 Mpc/h

Energy-driven wind 
(constant Vw)

Momentum-driven



EAGLE sim  (Schaye+ ’15)

100 cMpc
z=0

T < 104.5 K (blue)

104.5 K < T < 105.5 K (green)

T > 105.5 K (red) 

•  Pressure SF model                           
(Schaye & Dalla Vecchia ’08)

•  Mass-loss (Wiersma+’09) — 
AGB, Type Ia & II SN, MS winds 
(Margio ’01; Portinari+’98)

10 cMpc

60 ckpc

•  Stochastic thermal FB w/  ∆T, 
fth(n, Z) params (Dalla Vecchia 
& Schaye ’08) — but no turning-
off hydro force for winds, but 
instead reserve Eth until 3e7 yr.

• (Still, fgas & T for gal 
clusters may be too high)



Cosmic Star Formation History

EAGLE sim:  Schaye+ ‘15

No SN feedback

With SN feedback

No metal cooling

Too many stars 
are produced 
without SN FB.



Galaxy Stellar Mass Function

EAGLE sim:  
Schaye+ ‘15



Gas & Temperature Metallicity



60 ckpc

u, g, r - composite image
SKIRT (Baes+ ’11) RT code

z=0
L100N1504 sim.



z=0.1



≈ Tully-Fisher Relation

ISM Stellar

• (Still a bit too high)



AREPO 
simulation



Stellar Feedback

• stellar winds from young stars (“Early” stellar FB)

• radiation pressure

• dust absorption of UV —> IR emission

• photo-ionization + photo-electric heating         
(alters future heating/cooilng rates)

Hopkins+ ’13, …

(in addition to SN feedback)



Stellar Feedback in Zoom-in Sim

Hopkins+’13;  Muratov+ ’14

(Cosmological Initial Condition)

• Star formation is episodic.

• Outflows sweep up CGM.

Inflow

But over-FB would eject 
too much gas.

FIRE simulations:

(KN+’05;  Jaacks+’12)



Stellar 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)



Clumpy High-z Galaxies

CANDELS  (Guo+’15)

• fclump~60% @ z=0.5-3 for logM*<10 
• Clumps contribute ~4-10% of total SFR

(cf. Colley+ ’96, ’97)



Ceverino+ ’12

Clumpy High-z Galaxies in Simulations

Violent, turbulent, warped disks

Clump themselves seem to be in Jeans equilibrium.

face-on edge-on



Radiation Pressure & Clumpy High-z Galaxies

Ceverino+ ’14

W/out  Prad With  Prad

• High-ρ clumps disappeared due to Prad. 
• More extended gas envelopes.



Ceverino+ ’15

Same sims viewed in Hα (i.e. SFR)

(but no treatment of dust extinction & rad. transfer yet.)



Velocity Fields (for IFU)

Ceverino+ ’15

Low metallicity inflow penetrates into high-z disk, 
then forms Hα bright clump. 



Another Example of Zoom-in Sim

• `Quasar host’-like 5-σ 
region (20 cMpc/h)

• 3.5 cMpc/h zoom-in 
region

• ϵ=300 com pc;     
~30pc (proper @z~10)

• mdm~5e5 M⦿

• mgas~1e5 M⦿
1 cMpc

Constrained Realization

(Romano-Diaz+’11, ’13 sim)



Romano-Diaz+ ‘11
z=10.2

z=6.3
Yajima+ ‘15

resolution ~ 30 pc (proper),  300 c-pc

Massive disk gal @ z~10

Mtot ∼ 1.1 × 1010 h−1 M⊙ 

total disk mass is ∼2.9 × 109 h−1 M⊙ 

Mstar,disk ~ 8 × 108 h−1 M⊙ 

Mgas ∼ 4.8 × 1010 M⊙ 

Mdust/Mmetal = 0.4,     i.e. Mdust = 0.008 Mgas (Z/Z⊙ ) 

Mstar ∼ 4.1 × 1010 M⊙ 



Large amount of dust 
in massive gals

Close to solar metallicity

Very high SFR

The most massive galaxy: 
Mstar ∼ 8.4 × 1010 M⊙ , 

Mdust ∼ 4.1 × 108 M⊙,  

SFR ∼ 745 M⊙ yr−1  (z=6.3)

Yajima+ ‘15Constrained Region (CR)

Unconstrained



Yajima+ ‘15

UV: 1600 A rest-frame

IR: 106 µm rest (850 µm obs)
surface brightness in the log scale in 
units of [erg s−1 cm−2 Hz−1 arcsec−2  ]

ALMA Observability
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Yajima, Choi, KN ’11

Choi & KN ’09 cosmo SPH sims

fesc ~ few %

fesc ~ few 10s%

Authentic Ray Tracing method
(Nakamoto+ ’01,  Illiev+ ’06,  Yajima+ ’09)

Mtot � 7� 1011 M�

Mtot � 1� 1010 M�

Escape Fraction of Ionizing Photons



Escape Fraction of Ionizing Photons

Wise+ ’14

6 Yajima et al.

Figure 2. Escape fraction as a function of halo mass at z = 3−6
for the N144L10 Fiducial UVB run. Different colors are used for
different redshifts (red: z = 3, blue: z = 5, green: z = 6). The
triangles in the bottom right panel show the mean values in each
mass bin with 1-σ error bars. The data points with log fesc < −2.5
are shown at log fesc = −2.5 for plotting purposes.

the fesc of high-mass haloes with Mh > 1010M⊙ clearly de-
creases with redshift (blue open circles), and that of the low-
mass haloes does not change largely. On the other hand, our
results and Gnedin et al. (2008) indicate that fesc of high-
mass haloes with Mh > 1010M⊙ does not change largely
with redshift. For low-mass haloes with Mh < 1010M⊙, it
seems that fesc is increasing slightly with decreasing redshift
in our simulations. This might be due to the increasing cos-
mic SFR density and increasing UVB intensity from z = 6
to z = 3. Indeed, if we calculate the radiative transfer with-
out the contribution of UVB in Eq. (2) for the Fiducial run
at z = 3 with the same gas and stellar distribution, fesc
decreases by ∼ 10− 20 per cent. In addition, the mass frac-
tion of gas with log nH > 0.6 within haloes increases with
increasing redshift, which leads to lower escape fraction due
to higher recombination rate.

Figure 4 shows the probability distribution function
(PDF) of star particles as a function of fesc in haloes with
Mh ! 1011M⊙ (top panel) and Mh > 1011M⊙ (bottom
panel). The probability is defined by P (fesc) = Nstar(fesc ∼
fesc + ∆fesc)/(Nstar,total∆fesc), where Nstar is the number
of star particles that have the value of fesc, Nstar,total is the
total number of source star particles, and ∆fesc is the bin
width. The figure shows that the lower mass haloes have a
longer tail towards higher values of fesc. Since the ionization
structure in low-mass haloes shows conical regions of highly
ionized gas, ionizing photons can escape easily through these
ionized cones, but not through other angular directions cov-
ered by highly neutral gas. This allows for some star particles
in lower mass haloes to have high fesc. On the other hand,
the higher mass haloes show very complex and clumpy dis-
tribution of highly neutral gas, therefore it is more difficult

Figure 3. Mean escape fraction in each mass bin of Fig. 2 as
a function of redshift. Different symbols indicate different halo
mass ranges (filled circles: 108.75 − 109.25M⊙, stars: 109.25 −

109.75M⊙, filled triangles: 109.75 − 1010.25M⊙, open squares:
1010.25 − 1010.75M⊙, crosses: 1010.75 − 1011.25M⊙, open trian-
gles: 1011.25 −1011.75M⊙, and open circle: 1011.75 −1012.25M⊙).
The green open circles are for a relatively massive halo (Mtotal =
4 × 1011M⊙ at z = 3) examined by Gnedin et al. (2008), which
is to be compared with our open triangles. The red open circles
are for a similarly massive halo (Mh ∼ 1011M⊙) in the S33 run
of Razoumov & Sommer-Larsen (2010), which is to be compared
with our crosses.

for the ionizing photons to escape, and there are no star par-
ticles with fesc > 0.6. Thus the PDF for higher mass haloes
is concentrated at fesc < 0.1.

We also find that there is a large dispersion in fesc
for the low-mass haloes with Mh ! 1011M⊙. This result
may explain some of the recent observations. For example,
Shapley et al. (2006) and Iwata et al. (2009) detected ion-
izing radiation from high-z galaxies, with a detection rate
of about 10 per cent. The detected galaxies show extremely
high fesc (∼ 100 per cent). Our results do not show such
high values of fesc, however the fesc derived by Shapley et al.
(2006) and Iwata et al. (2009) are estimated from the flux
ratio at the Lyman limit and UV continuum. Recently Inoue
(2010) pointed out that the nebulae emission lines can boost
the above flux ratio, leading to a very high fesc with an as-
sumption that the fesc of nebular and stellar emission is a
few tens of per cent.

In our simulation sample, about 10 per cent show high
fesc (> 0.4). These galaxies may corresponding to the re-
cently observed objects with very high fesc. Furthermore,
Iwata et al. (2009) showed that fesc decreases with increas-
ing UV flux. In our simulations, SFR is positively correlated
with halo mass, therefore our result of decreasing fesc with
increasing halo mass is consistent with that of Iwata et al.
(2009).

c⃝ 2008 RAS, MNRAS 000, 1–13

Yajima, Choi, KN ’11
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Authentic (Nakamoto+ ’01, 
Mtot � 7� 1011 M�
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Dust models - 1.

• Bekki’15:  live dust ptcls in SPH.  4 component model.
Silicate Dust

Graphite Dust

• Tests on isolated MW gal model.  Diff softening for 
each component.  ∆t=1.4e6 yr.



• McKinnon’15:  AREPO cosmo 
zoom-in

Dust models - II.



Dust models - III.
The production/destruction processes of Dust in ISM
(e.g. Asano+ ‘13a, Hirashita ‘15 etc.)

Galaxy

AGB stars, SNe II

dust

atoms, 
molecules

destruction
(SN shocks) grain growth

shattering

coagulation
Figure credit :Asano



(Aoyama, Hou+’15, in prep.)

Isolated gal. w/ 2-component dynamical dust model



Summary

• FEEDBACK, Feedback, feedback….. continues to be 
the focus of galaxy formation & evolution. 

• “Early Feedback” from young stars: rad pressure, 
momentum, thermal energy, photoionization, 

• Radiation Transfer, Dust 

• Beginning to resolve Galactic Morphology better 

• Downsizing, Color bimodality, …. 

• AGN FB, gal-SMBH co-evolution.


