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® What, Who, Where, When, Why, How ?
® Who! : #8#T2. SMBH (AGN). KE=E(MS)
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® Where! : galaxy, star-forming region, black hole

® When, Why, How!




“"Concordance ACDM model ”

WHMAP Plancks (Qyr, Qa, Dy, h, 0, 15) & (0.3,0.7,0.04, 0.7, 0.8, 0.96)

12 8 Redshift (2)

Hubble , ~ Hubble” « 3%
S017%"* o DUBD<EIULL s i )

.
L )
e
" . >

S~

—

Cosmic ) P
“&— Reionization —=»

“Dark Ages” -
Neutral - 9 - : s
IGM First First 3 _. y Mf?de‘m 5 <Eresé;1t dafy-
stars galaxies /: S8 v * . sgalaxies-form SRS
13.5 . . Billions of Years Ago 0

Recombination http://www.roe.ac.uk

Understand neutral fraction

e Reionization process ] ya Ga'-/z”r e
e Galaxy Formation sk Gapi NG e O
o statistics (LF, MF) I Couble
e SFRD, SMD g
e Mass-metallicity £ot
(Fund. Plane?) -

e Gas fractions
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I Prevalence of Galactic Wind Feedback -

NGC3079

M82 Purple: HX+Nj

Blue: HST, optical Blue: Chandra (X-ray)

Red : HST (optical)



Supernova(SN) Feedback

® Source of radiation, metals,
cosmic rays

® E. i~ 10! erg (mostly to “v”)
® —> Eq~10% erg, —> Ey, Ewn

® Outflows, Suppression of SF

(White & Rees 78; Dekel & Silk ’86)

— -—> _ Crab Nebula — SN 1054 (NASA, ESA)

Vw
/ l \ e Kinetic energy & momentum

/ SPH e Thermal energy
mesh codes \ * Type |, li




Computational Cosmology

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

Radiative
cooling/heating,
>-100 Star formation,
& Feedback

z=10

Initial conditions

Cosmological params,
Dark energy, Dark matter,
Baryons
(+expanding universe)

Gravity + Hydrodynamics



Name

L100N1504

L
(cMpc)

100

N

15047

mg

Mp)
1.81 x 10°

Mdm
Mg)

9.70 x 10°

€com

(comoving kpc)
2.66

€prop
(pkpc)

0.70

T <1045 K (blue)

1045 K < T <1055 K
(green)

T > 105 K (red)

EAGLE sim:
Schaye+ ‘15




log,e dn/dlog,o(M.) [cMpc™]

Cosmic Star Formation History

Lookback time (Gyr)
2

EAGLE sim: Schaye+ ‘15
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Too many stars are produced without SN FB.




. . Evolution anda Assemply o dLaxies andc elir cnvironments

as associated with a typical spiral galaxy. Colour encodes temperature (left) and metallicity (right)
Simulation by Rob Crain & the EAGLE collaboration

z =299

helied Temperature Metallicity

= 2.0 cMpc Visualised with Typhoon (Geach




Galactic Wind (Kinetic) Feedback

Need to specify Mw and Vy
“Energy-driven” vs. “Momentum-driven”

Ny =M.,

17 . mass-loading factor

Energy-driven:

1 . :
§MWVV2V ~ FEsny ~ SFR

@ 5 o0 2 VW ~ Vesc ™~ Ogal
T\ o 7 ~ 300 km s~

\. J

Momentum-driven:

My Viy ~ Poog ~ SFR

\.

7’]:

~
o)

Ogal

/

Higher mass-loading factor for lower mass galaxies.

Radiation pressure from massive stars
and SNe is applied to the dust
particles, which entrains the wind

Murray+ ’05



Impact of Momentum-driven Wind on IGM

Temperature

Projected metal density
A

10 Mpc/h

Energy-driven wind
(constant V)

Momentum-driven
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UV LFs at z=4-8;: Obs vs. Sim
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HUDF09+HUDF12, ERS, CANDELS, BORG/HIPPIES
DM halo MF + M/L evol.

Simulations
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- LF Evolution from Halo
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Steepening of the faint-end slope

towards high-z even to xX=-2

x=-1.64 (z=4)

l

X=-2.06 (z=6)

do/dz= -0.13

(Bouwens+ ’14)

(cf., Dunlop+, Ellis+, Finkelstein+, McLure+, Oesch+, Ouchi+, Schenker+, Trenti+, etc.)



SFR fcn w/ H2-SF model

}Previous pressure-SF model

Jaacks, Thompson, KN ’13
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log SFR [M _yr ']
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Modified Schechter SFR fcn: | ¢(SFR)=n(10)¢" (%

—-1.5-1.0-0.50.0 0.5 1.0 1.5 2.0

log SFR [M _yr ']

Agrees well with current obs constraints at z=6 & 7 (Smit+ ’12).

SFR fcn provides more direct comparison btw sim & obs.




CGM baryon budget

(Circum-galactic Medium)

® HST COS. 44 quasar Mynio =10 M

12Hmm 47 x10""M .. (Behroozi +10; McGaugh10)
spectra

B 7-12x10""M_ (This work)

B 1-10 x10"°M . (Tumlinson +11; Peeples +14)
| 1-14 x10° M_ (Anderson +13)

B 1.2-3x10"'M

(=)

® multiphase CGM in L* gal
(r<160kpc)

e CLOUDY modelling

Total: 45-100%% of
cosmic fraction

-
-~
xn0

S
o

25-45%

Fraction of Baryon Budget (0.17 M, _,, =10"'M )

>5%
04
® More sophisticated models 14-24%
of stellar FB is needed. 0.2 -
0.0 : l ]
Disk Cool CGM Warm-Hot CGM Hot CGM Total
Werk+ ‘14

Multi-phase CGM in high-z galaxies




Stellar Feedback

(in addition to SN feedback)

® stellar winds from young stars (“early” FB)

® radiation pressure Pas & (1 —exp(—Tuv/opica)) (1 + TR) Lincident /¢

® dust absorption of UV —> |R emission

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

14+ 7R = 1 + Sgas KR -

Hopkins+ ’13



CE1E VA M TSI [ ]VI ERa o] LY (Springel+ ‘05, ..., Hopkins+'13)

Stellar Feedback:
radiation pressure, direct
momentum (stellar wind),
photoionization heating

But, this is not in
cosmological context.

Resolution:
mp=1000Me, €~3pc

Hopkins+ ’13
(GADGET SPH)




SFR %10, Outflow, Inflow (M _vr ')

Stellar Feedback in Zoom-in Sim

(Cosmological Initial Condition)

® Star formation is episodic.

® Outflows sweep up CGM.

Z
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Stellar Feedback in Zoom-in Sim
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Circum-galactic medium (CGM)

(probed by quasar absorption lines)

proper
500 kpc/h

-200 -100 O 100 200 -200 -100 O 100 200 -200 -100 O 100 200
x [kpc] x [kpc] x [kpc]

z=2.8 Eris2 zoom-in simulation (Shen+ ’|3)



z=10.2
Romano-Diaz+ ‘11
resolution ~ 30 pc (proper)

Massive disk gal already at z~10

Mtot ~ 1.1 x 10" h™! M,
total disk mass is ~2.9 x 10° h™' M,
Mgtar disk ~ 8 X 108 h™' M,

Mgas ~ 4.8 x 10" Mg Mstar ~ 4.1 x 10" M,

L]

L] L] L] L] Ll L Al Ll L] A . Al L] L] L] Ll
CR-‘- I

z=6.3 2=6.3
L aand "M. e

Yajima+ ‘14 |

x100 1| star ‘

A A

1 dust

A A

Mdust/Mmetal = 0.4, 1.e. Mdust = 0.008 Mgas (Z/ Z0)



Escape Fraction of lonizing Photons
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Elliptical Galaxies,
Downsizing,

& Feedback




Two-phase Formation

& Downsizing

Naab+’12; Oser+’14 : zoom-in cosmo hydro sim

late in-situ SF

Formed at high-z outside,

but accreted later on.
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Redshift

In-situ SF dominant @ high-z

Massive

- 45%x 10227 x 10 Mo h™!

high mass
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' he Ilustris Simulatic
+  .Jhe Illustris Simulation
M. Vogelsberger? S. Genel \',Spriny_:‘l ‘P.Torrey D.Sijacki D. Xu'® G, Snyder- S. Bird D, Nelson | Hemquist

-

Optical

X-Ray

Dark Matter Density

I"“ T

Gas Density, o s

http://www.illustris-project.org/
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10 cMpc volume; w/ AGN feedback (quasar + radio mode)




Stellar Light Gas Density

z=4.00 log, Q£1\¢1.)=1o.4 SFR=80.0 sSFR=3.07Gyr™’

Formation of massive elliptical, “red & dead” gal.




.

-

B

irregular

ellipticals

“

disk galaxies

’

e
2

.
.




Which is the true HUDF observation?




Conclusions, Keywords & Future

® Feedback’ continues to be the focus of galaxy formation &
evolution.

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

® Dust! (couple w/ radiation)
® Morphology, Downsizing. Color bimodality?
® Orientation effect; Escape Fraction; Reionization

® AGN FB, gal-SMBH co-evolution.
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