ICRRERFIAIMARS

BIRILF—RKRTRZFEHOSHIE
FHOXREEEMMK - FAEKOBRRD S

Anatomy of Cosmic Gas
— gal. cluster, SN / AGN / CR feedback
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Outline

Cosmological Structure Formation — halo formation, nonlinear P(K)| 1omin
Distribution of Cosmic Gas — shock heating, cold flow, gal. cluster| 1omin

SN & AGN feedback — SF quenching, metal enrichment, top- 15min
heavy IMF at high-z, SMBH —gal co-evolution

15min

Cosmic Ray Feedback 15min

j:D\ i (lj‘ (E'fﬁ) 2min

~65min



History of Structure Formation in the Big Bang Universe

Cosmic microwave Dark Age Accelerated expansion
background radiation: by dark energy
~:_380,000 years after the Development of

Big Bang Galaxies, Planets, etc.

74% Dark Energy

\ 22% Dark
Matter

1st Stars
about 400 million yrs.

Big Bang Expansion 4% Atoms

Age of the universe ~13.8 billion years



“"Concordance ACDM model ”

WMAP, Planck
SN la

(Qar, O, Qp, b, 08,n5) ~ (0.3,0.7,0.04,0.7,0.8,0.96) (the so-called “737 cosmology”)

® Successful on large-scales (>1Mpc)

® Can we understand galaxy formation in this context!
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P(k)
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First Galaxy Formation in Atomic Cooling Halos

Cooling Rate
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Atomic Cooling Halo
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Cosmic Gas : phase diagram
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Missing Barvyon Problem
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Movies: zoom-in sim

Gas Density log(Temperature) log(Metallicity)

400ckpc/h

400Ckpcﬂl

AGORA L12 GADGET3-Osaka sim. Shimizu, KN+19

cf. Roca-Fabrega+21 https://sites.google.com/site/santacruzcomparisonproject/


https://sites.google.com/site/santacruzcomparisonproject/

1st-order Galaxyv formation

Phase Diagram
DM halo forms.

radiative cooling

gas accretion
&
shock-heating

?

Cooling,
dissipation, &
disk galaxy forms logi0 ©/ 0 mean

Rees & Ostriker 77, White & Rees 78, Fall & Efstathiou ‘80, White & Frenk '91, Mo, Mao & White ‘98



Metal absorption lines
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Necessity of Feedback

SNe & AGN




Shaping Galaxy Mass Function via Feedback

DM halo mass function n(M) oc M~

(cf. Press-Schechter '74; Sheth-Tormen '01)
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Stellar-to-Halo Mass Ratio (SHMR)

AGN Feedback?
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(cf. llbert+’10; George+’11; Leauthaud+’12)



SN feedback efficiency

CC SNe: ~ 0.01 SNe per 1 M, of stars (IMF) & FEgn ~ 10°! crg per SN

of this couples to ISM as kinetic E. of galactic wind (GW)

Ey ~ 107! x 0.3 x 0.01 = 3 x 10% erg M~

energy—mass E. = €y, M,c?
deposition rate : .
P M,, = nM,,

v

GW efficiency: €, ~ 107°

1/2
) ¢ ~ 300 kms™!

mass—\oading factor: n ~ 2 e.g. Springel & Hernquist (2003)
Cen, KN, Ostriker (2005)



SN vs. AGN (SMBH) feedback

Ex per SN Il ~ 1 foe ~ 1051 erg (Etot,i ~ 100 foe ~ 1053 erg)

Type Il SN occurs ~0.01 per Me of SF for an IMF = 1048 —104° erg / (1M of SF)

108 —10%°  10*8 = 10% ]
—6 -5 @
| €K T TErSY 0 (per 1M. of SF)

AGN: 10% of M,..c? & feedback efficiency ~0.1 &

. €KAGN ~0.1x0.1x107° ~107° i (per 1Mo of SF)

Probably depends on _ [ CKksN | _ Ve M. M r
various other factors: A= (GK,AGN> X2, Myyy00 M, My, SER, C, +++)



Three Revolutions in Cosmological Hydro Simulations

1990°: |st

Revolution

First cosmological, but
coarse calculation

2000~
2nd Rev.

Larger scale, medium resolution
w. subgrid models

Resolution ~100 kpc

e.g. Cen, Ostriker ’92-'93
Katz+ 96

Resolution ~ kpc

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

2012~
3rd Rev.

Zoom-=in cosmo. sims. w.
better sub grid models

Resolution ~ 10-100pc

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

t=0 to 1 Gyr
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Issues with GW Feedback

Physical state of outflowing gas (multi-phase, p, T, vel., M, p, E)
Acceleration sites (disk”? near SNe? above mid-plane? ?)
Ultimate fate of outflows (unbound? recycled?)

Morphologies (biconical, spherical, filamentary, clumpy)

Acceleration mechanism (mechanical, radiation, CR)




Multi-phase outflow from galactic plane: cut-out sim.

fast-moving,
low-density outflow

"
Volume |
Var: density

[100 g

‘ t

|0.01 }.
l.e-4 4

;

Vector
Var: velocity

[ 200.0
150.0

-100.0

50.00

l 0.000

—512pc < x, ¥y < S12pc

as well as warm fountain

T [K] v, [km/s]
102 10* 10° —100 O 100

B Saem .

4.0

3.5

(fall-back)

Athena MHD code

1 x1x9kpc domain

Ax = 4 pc

Kim & Ostriker ‘18



Resolved SN-driven winds

face-on larger scale
. = = [\ = 10°! erg for each SN,
G ADG ET_3 sSim. ~0.9 —/» R0 N0 OI03) 06 0.9 30 -2 . = f ',“,2’,"%;’;"/- ; SR CINGE it 00 99 1
10910(2gas [Mo B —— és" f\/ _.2 T [o] Zgas (Mg = _— -
0910(Zgas|[Mo pE-4]) . \og 'C[, g ) 0010(Zgas [Mo PC2]) e = 0.28 ESN ]Vinj

dwarf gal. |
Ninj = 96 gas particles

M, =10"M,

c=17

Av = \/2ex[mgs ~ 541 km s (Mg ()07

My = 1 Mg, Superbubbles of ~few 100pc

break out from the disk
& expands.

time = 454 Myr

€qs h, = 0.3 pc

~ 10°K - - -

Predicted winds are weaker
than in cosmo. simulations.

Hu 19




Convergence of resolved sim

pure thermal injection mixed injection
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Stellar Age [Myr] Individual-star fesc

Myir =37 x10°Mo (M« = 1.5 x 108 M)

SPH mass resolution: 100, 900, 1000 M.
spatial resolution: ~ pc

kpc-scale superbubble
fesc ~ (.2

GIZMO SPH FIRE-2 simulation (Ma+20)
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AGORA

http://agorasimulations.org

A High-resolution Galaxy Simulations Comparison Initiative: www.AGORAsimulations.org

High-res Galaxy Simulations

Guedes/GASOUINE

Kim/ENZO

e Contact: santacruzgalaxy@gmail.com

e Flagship paper by J. Kim et al. (2014), 2nd paper by J.

AGORA Comparison Infrastructure

Enobling (CART ) (CARTAI) Enobling
o o ENZO )( GEAR g
(O. Hahn) CHANGA | (M. Turk)

Common Astrophysic

» - e ~ Science-
Halo Mass g . / )

Range: / Cooling, \ / Star B drlvef\
Mic (Myun) = UVBckgrnd, Formation+ omparison
101010 ( Stellar IMF, ( Feedback Across

\ SNe Yields / ' Prescription Codes

Quiescent Compare

vs. Violent With

Assembly
Histories Enabling Calibrated

Technology: Using
GRACKLE Isolated Disk
(B. Smith) Simulation

Observations

AGORA Goal & Team

e GOAL: A collaborative, multi-
platform study to raise the realism
and predictive power of galaxy
formation simulations

e TEAM: 160+ participants from
60+ institutions worldwide,
representing 9+ codes as of 2021

e DATA SHARING: Simulations

outputs and analysis softwares will
be shared with the community

Kim et al. (2016), 3rd paper by S. Roca-Fabrega et al. (2021)




AGORA Paper lll: Cosmo-Run

* 4 calibration steps

SN feedback model.

* the only constraint:

* only in the 4th step, we turn on our favorite

M, ~(1-=5)X 109h_1M® targeting the
abundance matching result at z=4.

Code Stellar [eedback | SN & melal production model | Elfectve metal yield Runtime parameters
ART-1 T+K,RP SN Type Ta/TT, AGB stars* 0.033 Frermal = 2 x 107 ergs /SN, p = 3.6 x 10°M. kms ! /SN
ENZO T SN Type 11 0.032 Ethermal = 5 % 107 ergs /SN
RAMSES T, DC SN Type 1T 0.033 Enerma — 4 x 10° ergs /SN, Gmin = 100 kms 1, Tyepy = 10 Myr
CHANGA T+S SN Type [/11, AGB stars™ 0.032 Ehermat = 5 % 10°! ergs /SN
Gapcrr-3 || T+K,RP,DC SN Type Ia/Il, AGB stars 0.025 Esx =4 % 10" ergs/ M., Tyelwy = tha (see Section 3.2.5)
GFEAR T, DC SN Type Ta/11 0.024 Fthermal = 4.5 x 10°1 ergs /SN, Tyeray = 5 Myr
G1ZMO T+K SN Type 11 0.033 Egn = 5% 10° ergs /SN

Roca-Fabrega+21

Calibration step 1

Calibration step 2

Calibration step 3

Calibration step 4

(common)
-SNe feedback off
\ >
a =4 ™\

z=7

-Radiative cooling

and heating off g
-Star farmation off
-SNe feedbhack off

z=7

-Cooling/heating on
(Grackle3.1.1) ¢
-Star formation off
-SNe feedback off

z=7

-Cooling/heating on
(Grackle3.1.1) >
-Star formation on

-Cooling/heating on
(Grackle3.1.1)
-Star formation on
(common)
-SNe feedback on

. (code dependent))

CosmoRun
z=8, 7, 6,

e A

Test of the gravity and
hydro solvers:

-Gas temperature and
density distributions

S

e N
Test of Grackle2.1.1
Implementation:

-Gas temperature and
density distributions

\. Y,

( Test of the star
formation
implementation:

-Tolal slellar mass
-Gas temperature and

density distributions
\ oY Y,

f “

Set the feedback
strength to get a realistic
galactic system

-Slellar mass / halo
mass ratio vs.
abundance matching

Figures

(semi-empirical models)

\.

model
5 4

4 N
Figures
2and 3

N

~ ’ ~
S N

Figures‘
4 and 5

~

. >

\
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AGN feedback

(Active Galactic Nuclei )
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Bondi-Hoyle-Lyttleton
mass accretion rate:

Radiative output from accretion:

radiative efficiency €,
(rest-mass energy conversion)

Feedback efficiency €f

AGN feedback efficiency

A (3 M]EZBH 0 Some early wcl)gkowith
0 aY

Mg = O‘(cg 23

€, A 10_1 Shakura & Sunyaev '73

E: = e;L, = e;e, M, c?

Requirement from | € = 0.05
MgH-0O rel. e = 0.15

e ~ 1077

Springel, Di Matteo+ '05

Booth & Schaye '09; Duboist+ |2

Bellovary+ ’10

10°

A”BFiM43)

107 E

106

108

MgH-O relation

— 40% gas

— 20% gas

30

60

| |
100 300 600

o (km s™)
Di Matteo+ '05



AGN feedback energy

Radiative luminosity: [ = GTMaCCCQ ~ 6 x 10% (O€_rl) (

Feedback Energy: L = J Ef dt = € erczj M ool

Macc

1 M@ yr_l

€, M
E.g., growth to 108 M. SMBH: E; = 2 x 10%¢; (—) (1 =Ll )erg

0.1

Bulge potential energy: Epyige ~ Mpulge af ~ 2 x 10°9 (

So, ¢, > 0.0 can give Ef > Ebulge

) erg s~ 1




A0 SHOM M87 = Virgo A
VLA 90cm
alafads ot s

R Eh

Chandra + VLA
(blue) (red)

My, ~ 6.5 x 10°M, e i



https://www.sciencesource.com/archive/Supergiant-Elliptical-Galaxy--M87--NGC-4486-SS2712619.html

HlustrisTNG

Two-mode AGN feedback model

Eddington-limited accretion: M = min (Mpondi, MEdd) ;

Mpondi =

Eddington ratio threshold

min

—

0.002 (

Mgy

108 M.

4nG* My p

s

2
) 01

T [K]

AREPO code — voronoi tessellation

)

high

- Im Ekm = Sf,kinMcz

Mgqq

4nGMpumy
_ c,
£, 07

Eperm = 0.02M ¢%, thermal (quasar) mode

» Kinetic (Jet) mode (maintenance mode)

s % weaker coupling in
107 &fkin = N (0.05 PSFthresh ’0'2) ’ low-p environment
10°

107 Weinberger+’18



logig Mpr(Me)

Too small o in simulations?

10 -

Mgn — O relation

lHlustris (Mseed ~ 105 Mo/h)

KormendyHol3
i " === McConnellMal3
G 1o ¢ = M\lartin-Navarro+18
best fit
o
1.75 2.00 2.25 2.00

logyg ox(km/s)

100

30)

-060

-40)

20

Number of galaxies

Or, too massive seed + too efficient growth?

logw Mpn ( M ".':ﬁi)

TNG (Mseed ~ 106 M@ )

10 - .
() -
S -
‘ ’o. Y KormendyHol3
. o / ——~ McConnellMal3
6 - « KL ./‘ o« — Martin-Navarro+18

— hest fit

1.75  2.00 225  2.50

logyy ox(km/s)

(at low-mass end)

Li+’19
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TNG 100
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Ig M., (Mg)
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Horizon-AGN
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g M. (Mg)

EAGLE

lg M, (M)

10 11 12

SIMBA

10 11 12

lg M. (Mg)

Observations
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Habouzit+21



lllustris TNG100 TNG300 Horizon-AGN EAGLE SIMBA
Cosmology T
QA 0.7274 0.6911 0.6911 0.728 0.693 0.7
Qm 0.2726 0.3089 0.3089 0.272 0.307 0.3
Qp 0.0456 0.0486 0.0486 0.045 0.0483 0.048
oy 0.809 0.8159 0.8159 0.81 0.8288 0.82
N 0.963 0.9667 0.9667 0.967 0.9611 0.97
Hy (kms—! Mpc—1) 70.4 67.74 67.74 70.4 67.77 68
Resolution
Box side length (cMpc) 106.5 110.7 302.6 142.0 100.0 147.1
Dark matter mass reso. (Mg) 6.26 x 10° 7.5 x 106 5.9 x 107 8 x 107 9.7 x 10° 9.6 x 107
Baryonic mass reso. (M) 1.26 x 10° 1.4 x 10° 1.1 x 107 2 x 10° 1.81 x 10° 1.82 x 107
Spatial resolution (pkpc) 0.71 0.74 1.48 1.0 0.7
Gravitational softening (ckpc) 1.4 1.48 (z = 1) 2.96 (z =2 1) 2.66 (z = 2.8) 0.74
/0.74 pkpc /1.48 pkpc / max 0.7 pkpc

Baryonic softening (ckpc) 1.4 ckpe (z =2 1) 148 (z = 1) 2.96 (z = 1) 2.66 (z = 2.8)

/0.7 pkpc /0.74 pkpc /1.48 pkpc / max 0.7 pkpc
Seeding
BH seed mass (Mg) 1.42 x 10° 1.18 x 10° 1.18 x 10° 10° 1.48 x 10° 1.49 x 10°
Seeding prescriptions My /Mg = My /Mg 2 My /Mg = n = 0.1 H/cm? My /Mg = M. /Mg >

7.1 x 1010 7.4 x 1010 7.4 x 1010 o = 100km/s 1.48 x 1010 109-5
Radiative efficiency ¢, 0.2 0.2 0.2 0.1 0.1 0.1
Accretion
Model Bondi Bondi 4+ mag. field Bondi 4+ mag. field Bondi Bondi + visc. Bondi 4 torques
Boost factor a = 100 - - density-dependent - a=0.1
SN feedback
Model kinetic kinetic kinetic kinetic/thermal thermal kinetic
AGN feedback
Single or 2 modes 2 modes 2 modes 2 modes 2 modes single mode 2 modes
High acc rate model isotropic thermal isotropic thermal isotropic thermal isotropic thermal isotropic thermal kinetic

Feedback efficiency
Low acc rate model
Feedback efficiency

Transition btw. modes

0.05 x 0.2 = 0.01
thermal hot bubble
0.35 x 0.2 = 0.07

fEaa = 0.05

0.1 x0.2=0.02
pure kinetic winds
< 0.2 x0.2=0.04

2
min(0.002 ("A) .0.1)

108 M,
9

0.1 x0.2=0.02
pure kinetic winds
<0.2x0.2=0.04

, 2
min(0.002 ("A) ,0.1)

1 0 8 h’l (+)
—

0.15 x 0.1 = 0.015
kinetic bicanonical winds
1 x0.1=0.1

0.01

0.1 x 0.15 = 0.01

5 0.03 x0.1=0.003
kinetic/ X-ray
0.3 x0.1 =0.03

0.2

T AMA III'\II AN AN Nl S

Habouzit+21
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cf. XK7BE & Atalk



CR feedback
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CR feedback

non-thermal component — comparable E-density to Eth, Emag, Eturb

transport mechanism, interaction with EM waves — coupling with thermal plasma
(e.g. Zwelbel '13,17; Amato & Blasi’18)

Sources of scattering? — streaming instability, background turbulence
—> CR m.f.p. Kulsrud & Pearce’69 Yan & Lazarian ‘02

Confine, and isotropize the CR distribution
Can provide significant pressure in CGMs

Earlier work: effective diffusion, grey, steady approximations

Analytic: Ipavich ’75; Boulares & Cox 90; Breitschwerdt+91; Everett+08; Socrates+08; Mao & Ostriker’18; ....
Simulation: Booth+13; Pakmor+16; Ruszkowski+17; Wiener+17; Chan+19; Hopkins+20; Ji+20; Su+20; Hopkins+21; ....



FIRE-2 MHD sim.

00

0t
hJo))

ot
ope

ot

JB

0t

€.,

dt

\Y

V

\%

V

V

- (pv) =0,

- (pr@®v+ Prl— B® B) =0,

-[(pe + Pr)v — (v - B)B]
PoV -v + Ty + S, — T,

cooling

(VB —-B®v)=0,

'Fcrzv'VPcr_Fst+Scr

o 1—‘CI‘7

CR loss

Pt :total pressure (thermal + magnetic + CR)

P, =¥y —1)e,; CRpressure

I

(Cg)eff = JdP/op = (Cg)gas + Yer Per/ P

—Vy + YPg (> 0) Streaming loss

Ve =4/3

- CR — w. diffusion, streaming

In dwarf, L* galaxies

F. = (e P )(v Vst) + Fg CR energy flux
advection & streaming

Fg = —xB X B . Ve.. pure diffusion (zeroth moment)

(—> later expanded to “two moment”)
K . effective diffusion coefficient

Lagrangian, finite-volume form:

DE
Dt

:—/d3x{ PCI-(V‘U)+FSt+V’Fcr}s
Q2

adiabatic term
Fcr o Fcr_ v(ecr‘l'Pcr): vst(ecr+Pcr)+Fdi-

Eér — f Q; €cr d3x conserved total CR energy

Chan+19



CR energy injection: AE. = € EgNe F.. — F_ + AF,,
€. (=0.1, default) AF. = Ae.,CF

Hadronic & Coulomb losses: _
Rather than setting F . = —k Ve,

I'ee = Acr g = (Acr,had —+ Acr, Cou) €cr Mn

— 5.8 x 107 (1 +0.28 x.) Car " ) ergem—3s!,
ergcm™ / \cm™3

2-moment method: explicitly solve

1 [oF.,
¢l 0t

V. (v X i;‘cr) + V|| Per = (VCZZI) Fcra

(Volk+96; Ensslin+97; Guo & Oh ’08) L4
V” Pcr =B & B - VPCI-,

Volumetric gas heating: Composite parallel (B-field aligned) diffusion coeff:

" Ust(€er + Per)
K =K+ ~ y
|B * vecr|

Cr nn —_— —_—
Seas = 0.98 x 1071°(1 + 1.7 x,) ( ergim—3) X ( : ) ergcm > s L.

(Snodin+06; Jiang & Oh '08; Thomas & Pfrommer ’19)

Update CR flux as
F., — F_.(1 — A_n,A?t).

Chan+19
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Isotropic diffusion coeff. Kk ~ 3 X 10 cm? ™! is favored against y-ray obs.

(cf. Quartaert+21) (cf. Lacki+11; ...)



FIRE-2 MHD cosmo_sim. + CR : follow-up to Chan+19
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Slow outflow produced by CR

No CR
(but + rad, conduction, MHD, stellar FB)

400 400
Trapped No CRs Galaxy/
galactic : fountain

St flow ! 300

|
200 : 200
y
? ‘ : Virial
100 g ‘ 1 shock 100
!
!
0F 0
—100F —100
| Infall
500 . on halo 500
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With CR

Slow outflow accelerated
in-situ by CR

-

Infall
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FIRE-2 sim. Hopkins+21
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lane

Temperature structure above disk
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MHD with CRs

o FV.F=S§,
ot
o pv
oV ovv' + P1 — BB!
U = e |, F= (¢+ P)v—B((v-B)
Ecr ¥ + (6 + Per)Vs — kb (b Veg,)
B Bv' — B’ \
0
0
S = P.V-v—v,- VP, +Aqp+Ty |,
—P,.Vev+v,- VP, + A+ T
0

Heaviside-Lorentz system of units.

B;.,

Pressure p — p, 4+ P.. + o

0 o)

Energy . pyv B
density | = 0T T T (w.out €,)

Streaming vel.

B B.-VP,
vy = —vasgn(B-VP,) =

ﬁ |B‘VPcr|’

Ph = (Y — 1) &, Yih =3/3

EOS:
P = (Ver — 1) &, Y =4/3 (in rela. limit)
0&c:
Y | V * [Ecr(v + vst) T Ksb (b * Vgcr)]

= —F; V'(v T vsl) + Ay + FCF'

(Enslin+07; Kulsrud & Pearce’69; Wiener+13,16)



Spectrally resolved CR

AREPO MHD sim.

Fokker-Planck eq.

- accurate CR cooling
- E-dep. spatial diffusion

3

- grey CR
- diffusive transport
- effective cooling

Girichidis+20, 21

0 0
—f =—p- Vf+V (Dyx - Vf)+ (V- v)p /
ot . y — ap
advection diffusion “
adiabatic process
335 |7 (0 Per g )|
+ — blf +D ] >
p2 P p| PP P p _
~ ~~ sources
other losses and Fermi II acceleration
f=f(xp,t)=dN/(dxd3p)

Piecewise power-law ptcl distrib:

N spec

f(p) = Z fi(p)

Nipec

i=0

= Z fi- 1/2([7: ]/2)_(”9(P‘Pi—1/2)9(Pi+1/2_P)

Number & E density

Pi+1)2
"= /
Pi-1/2
/’Pi+1/2
Pi-1/2

€i

4np? f(p)dp,

4np* f(p)T(p)dp.

T(p) = \/pzcz +mI2,c4 —mpc?

CR pressure

4
Per —/(; 3 cp IB(P)f(P)dP,

N spec

A7 Pi+1)2
Pcr Z Pcr 1 = ? Z /
i=1 i=1

ﬁ(p)p

Pi-1/2 2 c* + p2c2

cf. Miniati+01; Yang & Ruszkowski’17; Ogrodnik+21



Spectrally resolved

CR
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summary & Issues

Multi-scale, multi-phase structures in the universe.

SNe, AGN, CR feedback: all seems relevant for galactic wind

SN FB model: rapidly improving at <pc level —

AGN FB model : still highly uncertain; intermittent / two phase growth of SMBH?

CR FB model: details of propagation model — diffusion coefficient, scattering,
subgrid turbulence, spectral decomposition
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