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Introduction
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" top-down” - large-scale gravitational disk instability(e.g.Shetty &
Ostriker 2006; Kim et al 2003; Glover & Mac Low 2007a,2007b)

“bottom-up” — colliding flows(e.g.,Heitsch et al. 2008) or via
agglomeration from inelastic collisions between clouds(Kwan 1979)
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A 1 X(~ 104 po) DI =1L —T3a Y TERDFE(K 10 po) DFEHEIES
DIFFERICHL . SETEOESNTULIEMN DT

S[Oreviewd 3 2 DDiAX Cld. high-resolution (<10pc) global (20kpc)
simulation with a fully multiphase atomic ISM

Tasker & Tan 2009: E X3 FEDFER - (L% flat rotational curve disk
galaxy(Dglobal dynamics ' 5&ERT D

- model 1: EIARTEE DT FEDNESE - HA(ER(CFH. disk NoSF

Tasker 2011: EX D FENDMHE (CEFB & photoelectric heatingM (X T &
EBHxERI D

- model 2: model 1 + EfER. disk SFOnly
—> model 3: model 2 + FUV photoelectric heating. disk SF+PEheat



Simulation

O—K:Enzo, =R tiE &0 1b# F(Adaptive Mesh Refinement)H 2 E 15k
{£A0—K (Bryan&Norman 1997;Bryan 1999;0'shea et al.2004)
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{p( v e+ @)} + Vo {ﬁ( v +h+e)}=H-C
*‘/\:LI/ /3/7\/7' Jb: 32[kpc]3

— P

J)yR: 2563 ABRBEEDIRFOMDML, &IDOEILY -1 X 7.8[pc]
Time : 0 ~ 324 [Myr]

Coolng: 104 [k] > T >300[K] — Rosen & Bregman 1995

T > 104 [k] — solar metallicity cooling curve (Sarazin & White 1987)

GMC definition: np> 100cm ~ 3 4cellld b
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AR T > 2 v JL: flat rotation curve P = 5”03,0 ID[T—Z (7“(23 +r? + q_Z)]
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Circular velocity : Ve,0 = QOO[km / 8]

. . . . KO 5, 2
Initial vertical radial profile of the gas : p(?“, 2z ) = sech (—)

21GQzy, 2n
Total gas mass : 6 x 109[Mo]
Initial temperature : 7450[K] 3 '3
Initial velocity dispersion : g = 9,0[]{777, / 3] e [ Ve
Initial surface density : Sali
Initial Toomre stability parameter Q : T %
0 — > erit _ _Kog Q=15 2<r <.10[pc])
g TG, QQ =20 (otherwise)



Result of disk NoSF



Evolution of Galactic Disk & GMC

o ERICr=2kpcfIE CringiADBEMTETS —> Toomre ring instability
« t=100[MyrlAFETld. F{&Tcloud formation N2 E S

e t=200[Myr] Cld. the main region of the disk (2.5~8.5[kpc])(ETEIC
fragmentd 3

t=50[Myr] t=100[Myr] t=200[Myr] t=300[Myr]
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Figure 4. Evolution of the galactic disk. Images are 20 kpe across and show the disk gas mass surface density, £, (integrated vertically over |z| < 1 kpe) at
f=50, 100, 200, and 300 Myr. The formation of rings via the Toomme instability is evident at earier times. These rings fragment into individual clowds, which then

suffer interetions via galactic differential mtation, The properties of the clouds in this fully fragmented stage (s 2 140 Myr) are the focus of this paper.



Radial Galactic Profiles
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Figure 5, Galactic disk azimuthally avemged (60 pe wide anmuli) radial profiles and their evol ution: from left to nght: (1) gas mass surface density, £, = [rLe

plzMdz,

(h) one-dimensional gas velocity dispersion, o, (mass-weighted average over -1 kpe < 7 < | kpeutilizing only disk plane velocity components), {¢) gas temperature,

T, (mass-weighted average over — 1 kpe < 7 < 1 kpe), (d) Toomre @ pammeter, evaluted using £, and o,



GMC Properties

observation  100[Myr] 200[Myr] 300[Myr]

Cloud(>1076 100 ~ 200 625 856 694
Msun)D %L

Cloud(>1015 ~1000 : : -
Msun)D %L

cloudD#& 3~50[pc] 20~30[pcl

Surface 200~400 ~300[Msun/pc2]

density [Msun/pc/2]

Virial - .~ <2T'> 502Rc 4 ~0.6
parameter Quir = <U>  GM,

Vertical scale < 35[pcl 13[pc] 25[pc] 51[pc]
height

Other GMC properties agree well with obsevations , including
velocity dispersion, angular momentum.



The dlstrlbutlon of cloud mass
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William & McKee (1997) derived
a cloud mass function of the from

AN _ o My,
dlnM. =~ M,

and estimate there are ~100-200
inner Milky Way GMCs with M¢

> 106 M@ and about 1000 with
Mc > 10° Mo,

We find about 400 clouds with
Mc > 2 X 106 Mo

-lack of feedback processes?

threshold density?

The total number of clouds are 4300, 2770, 1840,respectively



Retrograde Cloud Population

o Phillips(1999) considered the rotational properties of Galactic GMC,
finding a significant spread in the directions of the angular momentum
vectors, indicating that a substantial fraction of GMCs rotate in a
retrograde direction with respect to Galactic rotation.

« At early times, in the same sense as the galactic rotation.

o At later times, D FEDME{EH(dretrograde cloud population & K& <
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Figure 13, Distnbution of the angle, #, between cloud angular momentum vectors and the galactic rotation axis at different imes dunng the course of the simulation.
The shaded bars indicated retrograde rotation, and this population grows with time s more and more clowds experience collisions and close interactions.



Cloud Merger Timescale
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Fipure 9. Clowd mergertimescales (avemged over S0 My rintervals of simualation & "A[' . .
time) comparsd to orbital timescale as o function of galactocentric mdius. (MCKee 1]-]-1ams 1997,Matzner
The merzer mte is drven by differential rotation in the disk, and the oross-
section grows as clouds become maore gravitationally bound. After the mtial 2002)

fragmentation stage at 100 Myr, the cloud merzer timescale settles to small
vitlues = (1.2, g, with only modest dependence on gal actocentric radius. The

dashed line shows the merser times of clouds with A7, = 0% M, {ie., the == A~ . W
avenige tme for them o undereo o merger with a clowd of any mass, though L] E jk ﬁ%ﬁ; G)% DI:I CJ: D :Emerger t].me b\

typically with M. = P M-, (see Fisure 1 Ha)) evaluated over the intereal

F=WEXSMyr. o /J\é(,\ —> merger (JEE@G@*&

A color version of this fgore is available in the online journal. )



Results of
disk SFOnly and disk SF+PEheat



2 2 &Photoelectric heating

2R
e = € Pgas Eff = 0.02 (Krumholz & McKee 2005)
AT 3000[KIL T
threshold value of nH=100cm-3
Photoelectric heating

electrons are ejected from dust grains via FUV photos.
radially dependent heating term of the form described in Wolfire et al.

(2003)
[pe = 10~ %€, G, { e~ Fo) Hrergs™ R > 4.0kpc
e~ 4= Ro)/ Hrepgs=l R < 4.0kpc
e, = 0.05, Gy = 1.7(Drainel978), Hy = 4.2kpc

—  Background [CANTW5!



GMC Properties in three models

Cloud(>1076
Msun)D#Y

cloud(>10"5M
sun) N

cloud D

Surface
density
Virial
parameter

Vertical scale
height

Observation
100~200

~1000

3~50[pc]

200~400[Msu
n/pc2]

< 35 [pc]

NoSF
856

20~30[pc]

~300[Msun/pc
/\2]

0.6

~25[pc]

At 200[Myr]
SFOnly
179

1122
~15[pc]
~300[Msun/pc
/\2]

~0.56

~20[pc]

SF+PEheat
238

1491
~15[pc]
~300[Msun/pc
/\2]

~0.56

~25[pc]



Star Formation in Disk

k
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Figure 1. Images of the galactic disk at 200 Myr. The top panel is for disk SFOnly, while the bottom panel shows disk 8 F+PEheat. The left-hand image is 20 kpe acmss
and showrs the log-scaled surface density of the disk with range [(.0033, 3715] M5, po 2 The center panel is the projected star particle density and the right-hand
image shows a1 2 kpe density slice of the mid-plane. Blue contour lines mark the clond boundaries comesponding to a number density of 100 cm * and the new star
particles {age = 1 Myr) are shown in red.

SF+PEheat

o At 200[Myr] SFOnly — over 3 million star particles

SF+PEheat — 2.6 million star particles

- Photoelectric heating\star formationZ IIHll L T UL\ D



Star Formation Rate
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Kennicutt-Schmidt law
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Kennuicutt(1998) found relatively
simple relations between the
globally averaged SFR per unit
area and total(H] and H2)gas mass

surface density

Zsfr — Asfrzgsfr

The HI Nearby Galaxy Survey

(Bigiel et al. 2008) : asfr=1.0£0.2
SFOIlly asfr=1.77

SF+PEheat asfr=1.81

- no localized feedback



Retrograde Cloud Population

« By 300Myr, PE heatingN\ 7 UL\M5BH. retrograde cloudD#F30%(C Kz
M. PE heating & AN E12%(C TS

 The denser warm ISM, whose filamentary structure acts to encourage
the clouds to remain prograde
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Distribution of the angle between the cloud angular momentum vector and galactic rotation axis



10"

101

o

10

(L]

« Within the first three time frames, merger time(d&E55MD 2 =

Cloud Merger Timescale
o IRAFILDS DEEREICH T DIKZ L TULVEL)

—
==

ab—

N

TEIZIF—FE Torbital timeN0.25(ETdH D

- 2R ICEY. cloudhV B> 7

10"

5
ERLY

410

50 10

N, il mumber of clouds i 5F
M, m 5F+PE heat
N - toal number of @ars in &F
M, inSF+PEheat
1 I | 1 |
150 200 250
1 [Mlyr]

300

= A R | | — S L T T e
19 At [Myri] . 18- A1 [Myss] 7
144 @75 125 - 14 *®75- 125 -

3 W 175225 . - BN 175125 N
|.-|'_ F ‘33_‘_3?5 ] |.-I|_ " " ‘225.!?5 -
16} vy 225 20500 M > le6M 16 f oy 25-215 e M > 106 M,
15 4 275325 ] 15 4 275325 7
14— - Ld | -
13- - 15 -

a I'-'_— ] ai I.E_— N
RN 4 Bulb ]
- S
B oo 1 Boof -
508 508
Ly 1 8% ¢ ]
(L - - = osf ]
[ * —| 7k * -
06— o - T -
05— 4 - 05k -
oal R l’ g +—o 7 nal r . ]

- ., A - " ! ‘ -
0i- 8 : 03 .' ; iy s -

T _*_ L i * e | "
02} R _f:“‘“-‘-_ - 02 !‘——l___._ —4—% _
0i- ¥ . Ml T -

L Yoo ¥y oy L s om0 B
0 . , . 0 . . . . . .

2 3 4 5 & 2 i 4 5 & 7 i

Bl |kpe Bl |kpe)

Figure 6. Cloud merger timescales, avemging over 50 Myrimervals of simulation time, for disks SFOnly ileft) and SF+PEheat (right). Only clowds born after 140 Myr,
the initial fragmentation of the disk, are included in the analysis. The avemge time for & merger is low at ~{0.25 of an orbitl period and largely independent of
galactocentric mdius. The dashed line shows the merger times of clouds with M, = 10° My (i ., the average time for acloud of that size to undergo a merger with a
cloud of amy mass), evialuated over the interval 1 = 125275 Myr, which is lower by a factor of twa.



Summary

ARFAANDE XKD FEDEM EHE{LZEREHT 26, 3 DDMilky Way-type
galaxiesD €T JU(disk NoSF, SFOnly and SF+PEheat)(C DU\ Chigh-resolusion
(<10pe)>=alb—23aveEiTolc

In disk NoSF, many observed GMC properties (e.g. mass surface density,
cloud size.etc) are reproduced and cloud collisions and mergers occur very
frequently.

From disk SFOnly and SF+PEheat, the effect of photoelectric heating is to
suppress the fragmentation of ISM or the formation of stars

Star formation reduces the number of clouds

But SFR is a factor of 10 higher than observations in local galaxies.

— due to absent of localized feedback in our models.
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