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QOutline

o Key Components to Understand and Simulate Galaxies

Star Form

® Modeling the Physics of Galaxy Formation with Stars
and MBHSs As Best As You Can in AMR enzo-2.0

® Simulation Set-ups and Early Results

- Kim,Wise, Alvarez, & Abel (20103, b) in prep.
- Kim,Wise, & Abel (2009) ApJL 694 L123
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[Star Formation and Feedback]

Slow SF in Molecular Clouds

o Very slow due to
turbulence, B-field,
protostellar wind, etc.;
should be reflected in
galaxy-scale studies

SFRy ~ 002

SFR per dynamical time ~*

e MCs (10%10° M,.)
. could be the basic units
e &5 that can be represented
in galaxy formation sims
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First Goal

e GOAL: Include the physics of star formation and feedback

in the numerical studies of galaxy formation!

MC Particle - Formation

® Max resolution of 15.2 pc
= Ljesns of 2 MC of
125 partcles/cm? at 960 K

My = €.pgaadz’

¢ Self-consistently deposit

a particle when a cell of a
typical MC size actually
becomes Jeans unstable

=+ each particle describes
a MC of 8000 M.

.

S;F'. surface de naicy

Previous SF Recipes

(mostly in particle-based simulations)

¢ Dominated mostly by
the SF recipe using the

/‘ v Schmidt relation (1959)

(1= 3y
"!

/ 2 ® Apply thermal

feedback or effective
EOS to describe SNe
feedback

F, swrface dor <y -

MC Particle - Feedback

* Siow SF n MC
Krumbol: & Tn
(2007)

® Both mass and energy are added back to gas e
- 80% of the MC mass slowly comes back to gas for 12 tae

- carries the thermal energy of 105 ergs per My =750 My

(- e tar
feedDach
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MC Spdr Particle - Formation

® Max resolution of 5.2 pc
— LJeans Of d MC Of
125 particles/cm? at 960 K

3
Myic = e*pgasAaj

® Self-consistently deposit
a particle when a cell of a
typical MC size actually
becomes |eans unstable

3

n>125cm’

When all are met :

molecular
cloud

8000 M,

Ngas > Nithres
V.v<0

leool < tdyn
Myic > 8000M¢yn

— each particle describes
a MC of 8000 Msun

«—— cell size = 15.2 pc
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MC Swar Particle - Feedback

* Slow SF in MC;
Krumholz & Tan
(2007)

® Both mass and energy are added back to gas SERg ~0.02
- 80% of the MC mass slowly comes back to gas for |2 tayn
- carries the thermal energy of 10°! ergs per Mswr=750 Mgun

t=0 t=121, , stellar
feedback

molecular
cloud

8000 M,

<«—— cell size=152pc —»

Wil )i— 0.2 MMC/ e dr’
0
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Coevolution of Galaxies and MBHs

® Have galaxies and MBHSs grown at the same time under each
other’s influence?

T aTrT T T T TT I T A : -,’-\ _0.5 ..........
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wn 10 | T/
? >N =
g [ (b) : N - .:%’ - -1.0F
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O 109 E - f; = Q o)
a ) :L 4 1 O =
B ¢ s % g S ol
Z -8 108 | ; [ Z - e UV ‘L
= ~ s &7 . < é ¢ Ha ’ {
+ ~ i I .
OV = 0 e —20F = IR Hopkins et II'.‘S QLF
% ] =| 9 i : o Radio 2000% pg, (LDDE)
E X - _:l O IR+UV e 2000x pg, (PLE) -
O - | Mgu — Mbulg& (Llf-) e, P : A : f’en ( ).
_v - -
; 1 06 MBH — Obulge- 0 1 2 , 3 4 O
—U { yd M
L —_ n . = R
g - BH Sersm_ I,.eclshlft —
05) Baul I RTTT] B P Ll LLLLIL 1 1 Zheng et al. (2009)
7] 10° 1010 104 1012
g \1 bulge : \i O
DUTECTTTASS T T —
Magorrian et al. (1998) * Unified model: Silk & Rees (1998),
: Kauffmann & Haehnelt (2000), etc.
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GOAL

Study the coevolution of galaxies and MBHs
in one comprehensive self-consistent framework!
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MBH Particle - Accretion

agcretion $ ® Eddington-limited Bondi
R estimate with no prefactor;
+ subtraction from a sphere
\ of radius Rgondi
N
MBH Lt (47TG2]\34§HpB | 47TGMBHmp>
Cq €E.oTC

® Getting close to resolving
Reondi of MBHSs in galaxy-
scale simulations

QGMBH MBH 10 km/s g
R ondi — T Ol
otz cs o (105M®> ( Cs
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MBH Particle - Feedback

® Designed three different feedback channels; two currently in use

(A) radiative feedback (B) mechanical feedback (C) thermal feedback
d4laldld |~ [
R AR W TR E / ‘\
MBH MBH / MBH \
" light ray T
O i (3 i
/ 30.4 pc
¥ . B E R
vlelslely N ]
¥ 'IEAEAEEEK; ) [
-
ot
¥ kg '""I‘g <1 jet width {—» cell size = 15.2 pc

FiG. 2.— Two-dimensional schematic views of the different modes of massive black hole feedback. (A) radiative feedback model described in Section 2.7:
photon packages carrying the energy is adaptively traced via full radiative transfer, (B) mechanical feedback model described in Section 2.8: a momentum is given
to the cells around the MBH along a pre-calculated jet direction, and (C) thermal feedback model dominantly used in particle-based galaxy-scale simulations:
energy is thermally deposited kernel-weighted to the neighboring gas particles around the MBH.

- Kim,Wise, Alvarez, & Abel (2010a, b) in prep.
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(1) MBH Radiative Feedback

e Full 3D radiative transfer:
monochromatic 2 keV
X-ray photon packages do

- photoionization (H,He,He™)
- photoheating

R ' :
e ST - ComRton heating (e)
|| Len = &Mpuc” [N , - radiation pressure
- » light ray

d . _
R
= ray splitting 5
cell size = 15.2 pc | .

Ciotti et al. (2010): ID-model
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(2) MBH Mechanical Feedback

® Mechanical Energy

= Potential Energy
(jets introduced at Rie)
+ Kinetic Energy
AL A A a]n - i
Vet [ 4—T—TT1 (jets launched with vjet)
MBH
OF bl | =22 =10 and = Sl
| BH
Rjet 30.4 pC 172
? Y T ? ? __-_——;_- = <2€kin€r)
AEAEAEAK: s
i — -
<« jetl wiqth .~ ® Directed along Lgas-accreted;
injected at every 300 Msun
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Multi-scale Physics

® Resolving things from Rgondi to Rgalaxy, from 102K to 107 K
— AMR enzo-2.0 poised to do a better job than ever

vis by Ralf Kaehler
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PART Il

[Setting Up An Experiment
& Early Results]
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. Galaxy Mergers

® Two 2x10'! Mq,n galaxies with embedded 0> Ms,» MBHs set
on a collisional orbit (60° tilted, initially separated by ~80 kpc)

le-21

le-22

le-23

1le-24

{1e-25

le-26

Density (g/cm?)

le-27

le-28

4 kpc centered on a MBH

le-29

- Kim et al. (2010b) Ap] in prep.

UCSC Galaxy Workshop 081710 Density-weighted density proj., 40 kpc, 200 Myrs www.jihoonkim.org
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Density- lemperature PDF
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PDF in a 10 kpc sphere centered on one of MBHs

® X-ray radiation significantly changes the ISM, and thus SF
® Hot temperature near a MBH prohibits nuclear star formation
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SF and BH Accretion History

Star Formation History (in mergers) MBH Accretion History (in mergers)

7e+09 = ST-' T r 1 1e+07 GM-SFI:
6e+09 -\_—szvsﬁngzz .......... S-Fbcl I / 1 GM. M2
- 2'Sim-AMF2 -FDCK only- S-Fbck only
g 5e+09 } Al — v
5 3
S  4e+09 | =
2 2 1e+06 |
% 3e+09 | =
: 3
8 2e+09 | = ‘
Te+09 | S-Fbck + R/M-Fbck |7 . 3 + * 4 S-Fbck + R/M-Fbck
$
S 3 s g ; 100000 ' : ' -
450 500 550 600 650 700 450 500 550 600 650 700
Time (Myr) Time (Myr)
SFH (total stellar mass increase) BHAH

® Star formation rate suppressed by soft X-ray radiation from
MBH; more to see as two galaxies start to merge

® |ets do not impact much in regulating accretion as they are
mostly perpendicular to gas disks
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ll. Cosmological Galaxy Formation at z=3

® A ~10'2 Myyn galaxy selected at z=3 in a low-resolution run
— insert a 10°> M., MBH and restart with 15.2 pc resolution

le-02

Density (particle/cm?)

200 kpc centered on a MBH

le-04

z=3, Density projection, |6 comoving Mpc

UCSC Galaxy Workshop 081710 www.jihoonkim.org

Tuesday, August 17, 2010


http://www.jihoonkim.org
http://www.jihoonkim.org

Density Slice (Face-on)

Slice perpendicular to L, ~200 Myrs, 20 kpc

® X-ray radiation heats up gas clumps and suppresses SF (probably
more efficiently because there is no well-defined disk)
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Temperature Slice

S-Fbck only " S-Fbck + R/M-Fbck §
.

.

Slice perpendicular to L, ~200 Myrs, 20 kpc

® X-ray radiation heats up gas clumps and suppresses SF (probably
more efficiently because there is no well-defined disk)
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S-Fbck only

-

¢

Temperature (K)

Temperature Slice

Radius vs. Temperature

1e+06 ¢ — - — r
E. oim-sF — |1
im-BRMF2_------
S-Fbck + R/M-Fbck
100000

10000

S-Fbck only

0.1
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1 10
Radius (kpc)

lo+06

lo+05

led

Temperature profile,
20 kpc sphere
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¢

S-Fbck only
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Enclosed Mass (M, )

Radial Density Profile

Radius vs. Enclosed Mass (Gas/Star)
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SF and BH Accretion History

Star Formation History (cosmological) MBH Accretion History (cosmological)

xid Sim-oF —— | Sim-OF
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B
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2200 2250 2300 2350 2400 2450 2500 2200 2250 2300 235 2400 2450 2500
Time (Myr) Time (Myr)
BHAH

SFH (in the entire volume)

® Radiation also regulates the accretion on to the MBH

® |ets should make more impact with no well-defined gas disk
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Towards An Unabridged Understanding of
Galaxy Formation

® Various components for understanding the physics of galaxy
formation are pieced together:

- Proper treatment of MC formation & feedback
- Proper treatment of MBH accretion & feedback

e Stellar and MBH processes in one self-consistent framework

- MBH feedback regulates SF and its own growth
- With tools at hand, many future projects are being designed

- Kim,Wise, Alvarez, & Abel (20103, b) in prep.
- Kim,Wise, & Abel (2009) ApJL 694 L123
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vis by Kaehler vis by Turk/Jonsson

Thank you!

- Kim,Wise, Alvarez, & Abel (2010a, b) in prep.
- Kim,Wise, & Abel (2009) ApJL 694 L123
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Morphology: Face-on Projection

S-Fbck only S-Fbck + R/M-Fbck

-23.0

-23.5

1-24.0

~24.5

-25.0

 + B

-26.0

-26.5

-27.0

Projection along L, ~220 Myrs, 20 kpc

e MBH feedback makes the disk hot and turbulent preventing
gravitational collapse
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Face-on Projection (Earlier)

S-Fbck + R/M-Fbck

/

W

-23.0

-23.5

1-24.0

~24.5

N —-25.0

—2d:2

-26.0

-26.5

-27.0

Projection along L, 100 Myrs, 20 kpc
® Too early to compare morphological differences, yet
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Density Slice (Earlier)

Slice perpendicular to L, 100 Myrs, 20 kpc

® X-ray radiation heats up gas clumps and suppresses SF (probably
more efficiently because there is no well-defined disk)
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Temperature Slice (Earlier)

S-Fbck only S-Fbck + R/M-Fbck

Slice perpendicular to L, 100 Myrs, 20 kpc

® X-ray radiation heats up gas clumps and suppresses SF (probably
more efficiently because there is no well-defined disk)
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Temperature Slice (Earlier)

S-Fbck + R/M-Fbck

lo+06

lo+05

Radius vs. Temperature
1e+07 §

: im- —— :
 Sim-BMF2
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led

Temperature (K)

100000 |

S-Fbck only

10000

i . iy Temperature
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profile, 20 kpc
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MBH Thermal Feedback

(C) thermal feedback

[ h ey v

-

°°." sige = 15.? pc

Sedov Test (Radius calibrated to R = 1.0)

103 kyrs (DDO023)
200 kyrs 000038{
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Sedov solution !
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[l. Galaxy Mergers]

Galaxy Mergers: Great Laborator |. Galaxy Mergers

¢ Two 2x10'' M, galaxies with embedded 10° M, MBHs set
on a collisional orbit (60° tilted, initially separated by ~80 kpc)

NGCA0MY STSCL "Antannae ™

bel (2009) ApfL 6%4 L12)

-
« Kim et & (20100) Ap) n prep

Density-Temperature PDF Merger Sequence

.}
bek only

~
b =
&
| .
ol . g
» %1 \
5 3 b
: 4 .
§
f >,
1 -‘
’

b 2

cutel

— e Star formation rate suppressed by soft X-ray radiation from
MBH; more to see as two galaxies start to merge

e X-ray radiation significandy changes the ISM, and thus SF ® Jets do not impact much in regulating accretion as they are
mostly perpendicular to gas disks

® Hot temperature near a MBH prohibits nuclear star formation
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Merger Sequence

o

B

log(density(g'cm3))

-29.00 -27.78% <2650 -2528 -24.00

log(T(K))

Vv

6.00 7.50

- Kim, Wise, & Abel (2009) ApJL 694 L123
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Galaxy = Gas + Stars + MBH + DM, etc.

M51/ HST ACS, “Whirpool”

Tuesday, August 17, 2010



