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* SER linear in H, at moderate
i S 100Mg pe?:

Zsrr =Zi/tsp(Hy) with tgp (Hy) =2x10” yr

“or slightly sublinear - see Shetty poster
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Gas consumption efficiency

Interpretation of tg(H,)~ const. at X, < 100Mg pc:
“isolated” GMCs have ~uniform properties and SFE
that is low and ~ independent of local environment
tor (H,) =2%x10° yr requires € ,,=0.01 if t.,,- =20 Myr,
£ ;=0.003 if (n;) ~ 50 cm?
Interpretation of t;.(H,) decreasing in starbursts:

where GMCs “overlap,” density increases and
relevant dynamical timescales are shorter

Gas consumption timescale tq;,, =2, /g :

* ~10% efficiency per orbital time t_, =27/Q
» Lower efficiency over timescales in local ISM layer
ty =(3n/32Gpy, ) ~ 0.2t , o =H/V,~0.05t

orb » ‘“ver

Star formation is inefficient at consuming gas
over timescales relevant to the ISM dynamics
either in individual clouds or in overall ISM



Gravity and turbulence

timescales
 Gravitational free-fall time:

3T t/2 nNH —1/2
tpp = = 4.3Myr ( )
Ji (32Gp> ST 100 cm—2

* Dynamical crossing time:

L L /10pc
Layn = — 9.8Myr /10p —
Uturb Uturb/km S
e Ratio
L 1/2 _ 502 R
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Gravity and turbulence for

equilibrium slab
* Gravitational free-fall time (midplane):

3 v, ./10km s—*
o= V3 _ 9 gMyy 2/ 10km s
4 GX >./100Mg pc—2
* Dynamical crossing time:
H Vs v, /10km s—1
== = = 7.2M
fay v, TGY ! ylrZ/lOO]\I@ pc—?

/
£ _14

tdyn
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Gravity and turbulence for

externally-confined gas
* Gravitational free-fall time (gas):

9 1/2 —1/2
tﬂ.:< ”) :43Myr( nHS)

32Gp 1 cn—
* Dynamical crossing time:
1 _ay—1/2
tdyn = —= 13Myr (p, /0.1M pc™°
y (47TG,0*)1/2 ( )
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Questions

* Why is consumption etficiency low in
GMCs?

* Why is the consumption efficiency low in
galactic ISM?
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Giant Molecular Clouds

e GMCs are turbulent; internal velocities increase with
scale

Cloud:

vZ~ o, GM/R ~ &
Interior:

ov(s) ~ (&, GX)/2s1/2 =¢_ (s/L

VIr

* Sonic scale is where ov(L
Lsonic - Csz/ (O(virGZ)

~0.1pc for o, ~1 and =~ 100 My pc>
Alternatively,

Lsonic - (Cs /V) Cs /(O(Virc;pO)l/2 N(Cs /V) Ljeans (pO)/O(Virl/2

9

_G(2R?)/R ~ &, GSR

VIr

sonic )1/2

sonic) - CSN 02 km S_l



Turbulence and density structure

* Supersonic turbulence creates
density structure

* Successive compressions and
rarefactions are independent:

x=nf = Nn+4)
p 4
resulting in a log-normal
volume and mass distribution:

1 ~(x=p)
fV,M (.X) - W eXp 202
with u=0?/2

* Value of u= | <In(p/py)> |
increases with the Mach

number = more-turbulent
systems have:

— higher mass-weighted density
— lower volume filling factor Ostriker, Stone & Gammie (2001)

Vazquez-Semadeni 1994; Nordlund & Padoan 1999; Ostriker et al. 2001; Li et al. 2004;
Kritsuk et al. 2007; Lemaster & Stone 2008; Federrath et al. 2008, Price et al. 2011 10



Mean

W
X 2™

1 JuI—I<ln(p/po)>|—_02/ﬂ_

In(1 + 0.5 Mach?®)

Lemaster & Stone (2008)

= 032In[1 + 0.5M?] — 0.10.
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000 5123 parts -> AMR grid (eff. 8192%)

e o« 256 parts -> AMR grid (eff. 4096%)

++ + 128 parts -> 5127 grid

« « + 512% parts -> AMR grid, PDF fitted around mean

x x x 256 parts -> AMR grid, PDF fitted around mean ]
o oo 1283 parts -> 5127 grid, PDF fitted around mean 1

1 1 1L 1 1 1

l 1 1 L L L
10 15 20
RMS Mach number

Price et al (2011)
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Critical density for SF

* General idea: only sufficiently dense gas, as
drawn from log-normal PDF, can collapse

* Krumholz & McKee (2005): Assume turbulence
is pervasive, but at scales < L_ . amplitude is
subthermal and support is negligible; Jeans scale
for given density is where thermal pressure
cannot support =

pcrit iS SUCh that L]eans(pcrit ) = Lsonic fOI' GMC
’ USng Lsonic N(Cs /V) Ljeans(pO )/O(Virl/2
- pcrit /pO - O(Vir (V/Cs)2
 SFR/M ~ €__..t«(p,y)" (mass fraction above p_..,)

6/30/13 14



Turbulent destruction

Turbulence also destroys structure

Gravitational collapse time for core of density p is

coll - 1/(Gp)1/2 NL]eans(p )/Cs
Core sizeis s ~ ¢,/ (GP)'/? ~Leuns(P )

Turbulent “shredding” time over scale s 1is
tayn=5/8V(8)=(5 Lsonic) "%/ s = [Ljeans(P ) Lsonicl 2/ ¢
teonn < tayn corresponds to Ly, (P) < Lggpic
= Peit /Po~ Kyir (V/ ) asin KMO5
Note: p_ 2~ O, > G=?

6/30/13 15



1000

KM 2005

100 }

* £
SFRy = —— / xp(x) dx
@t Jxge
_ €core 1 + erf —ZIB.Y’cm T U/:; 10
2(p; 23',-20;)
—0.68 -0.32
QX yir ' .;‘\/1 . 1
SFRg =~ 0.014 .
§ ( 1.3 ) (100) 0.

Weak dependence on Mach number v/c,

Low efficiency for large Mach number

Efficiency decreases for increasing o,

Efficiency decreases for increasing Mach number

6/30/13
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Padoan & Nordlund 2011

Model similar to KMO05, but
SFR o< t(p..;)" (fraction above p_.. ) instead of
SFR o< t,(p,)! (fraction above p_..,)
= change by factor o< (p_,,, /p,)"/>~ o, /(v /<)
= &, increases with v/c_ and decreases with o ..

JOOErT—————— -

"“’S.O
MHD, =0.39 e
SRS

6/30/13 ' ' 17



Padoan & Nordlund 2011

* Simulations:
— driven-turbulence HD or MHD + self-gravity
— measure SFR per free-fall time at mean density

1.00

o
%
0'105_ o HD, N=500° MHD :
[ A MHD, N=500° A ]
0 HD & MHD, N=1,000° I
x HD, N=500° M,=4.5 .
0.01 : S SR

82 1.0
6/30/13 o
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Padoan et al (2012)

* Simulations extend range of o .. , magnetic field,

Mach number

vir 7

2
. t
* Conclude that ¢, depends primarily on o, ~ (t ! )
dyn
0.0 1.0 3007 6.0 10.0
’] O E_\ T 1 I T —E

I ——— exp(_1-6tff/tdyn>

0.1 b —a- #,=10, 4t,=33
5 - g M =10, M, =5
[ o M =20, M,=20
[ o M,=20, M =5
[ e M =20, M,=1.25
01 -0 M;=10, M,=5, N,u,=128 ng,=1.€5
E A M, =10, Mhy=5, Npooy=128%, nyp=1.¢6

U] (AT VAR WU YUY THNS| |NSNY TR TR WRSY U (NS YRRY TU VAT VAN (NS TRSSY TR A TR AT SRY TR TR | I

0.0 0.5 1.8 1.9 2.0 2:9 3.0
tff/tdyn

6/30/13 Padoan, Haugbglle,Nordlund (2012) w0



Summary: &,.under GMC
conditions

* Simulations and models support conclusion that
€= (ti(Po)/ M)dM/ dt
is low (~0.01 -0.1) for GMC-type conditions largely

because of turbulence, secondarily from magnetic

effects

Krumholz & McKee 2005; Padoan et al 2011, 2012; Hennebelle & Chabrier 2011;
Federrath & Klessen 2012

* Where turbulence is low (low o, ), €,~1

* Questions
— Whatsets p,, o, , v/c,in GMCs?
— Better: how do p,~M/R’, o, ~v*R/(GM), v/c, vary

over time as GMC forms, evolves, and then disperses?
6/30/13 20



Cloud evolution models
M/M =1/t GM/(R v2)

Central Cloud

vir
]

Record=226.00

0 20 40 60 80 0 20 40 60 30
t Myt t [Myr

Goldbaum et al (2011): semi-analytic model T D

with accretion & SF feedback t(Myr)
Vazguez-Semadeni et al (2010): simulations
with/without feedback
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The need for feedback

Without feedback, turbulence would &% AL
dissipate, ot ;, would drop, leading to [ SN = W . W
g&x— 1, and ey — 1 o g

Collapse can be halted /turned
around by:

Protostellar outflows (MHD)
HII regions (photoionization, winds)

Radiation pressure

Supernova blasts

ss5¢2006-16b

Spitzer Space Telescope * IRAC

The Great Nebula of Orion (M42)
NASA / JPL-Caltech / S.T. Megeath (University of Toledo, Ohio)

Herschel: Carina nebul




Feedback mechanisms

* Protostellar outflows

— Likely important in cluster-forming clump; not
enough power to support/destroy whole GMC

* HIllregions

— Likely important in moderate-mass GMCs
— see Dale talk

* Radiation pressure
— May be important in very massive GMCs

* Supernovae
— May be important in GMCs (models needed!)

— Major role in diffuse ISM = important to GMC
formation rate and large-scale SFRs

6/30/13
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Turbulent driving and dissipation

* Assume feedback momentum/massis p/im.

* Momentum input rateis Dy .-

Pdriv = — M,

x

* Momentum dissipation rate is

, oM v*M

| Pdiss tdyn 7
 Balancing, . v M
© Lp./ms
* For system in dynamical equilibrium >~ GMy /L
=
¢ (i;!~2\41r2;c)i;42\{ir

6/30/13 25



Star-forming equilibrium gas cloud

v M G M?

e M,,~M = JL ~ N
tot Lp*/m* L2p*/m*

: : : M M
 Combine with M, =¢c;p— ~ 5””_
Lry L

(¢ depends on o, , v/c,)
—
(V) D«

E Y or V ~ &
1 Ds /% R,

6/30/13



* Nakamura & Li (2011): cluster-
forming clumps with

p-/m.~ v, 4~100 km/s

~GM/R

- (GM/R)'/?
cpg o

Mass (M)

Uwind

(GzclumpR) 1/2

Uwind
Alternatively, from

Y

UV ~ 8ff—* — € f fUwind

m '," I : . Y l l l o
using v, +~100 km/s and 0.1 1.0 10.0

erp~ fewx0.01 =
clump evolves until v ~ few km/s

27



Cluster-forming cloud with
radiation pressure

, efficiency over

 Starting with c¢¢ ~
cloud lifetime is

"ty Lpo/m. Lp p
* Momentum input rate from reprocessed IR is
. ,C*’T M* \IJK[RE Murray et al (2010), Ostriker &
p ~ Shetty (2011)
c c
= Ge 1
g >

VKIR KIR

6/30/13 28
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Skinner & Ostriker (2013)
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Gas-dominated disk system

Ostriker & Shetty (2011)

GM, . M M., GM?
L2 (ps/mx) , L?  L*(p./my)

— DISFR ~

M, ~

N

 Star formation rate per unit area is independent of
details of turbulence

 Disk thickness and internal dynamical time must
evolve until momentum feedback rate matches
vertical weight

* As for other systems with ;. = 2, expect low &,

and v related to feedback: v~ Ess D+

TN x
6/30/13 34




Starburst regime simulations

Shetty & Ostriker (2012)
* Feedback-driven, turbulence-dominated

equilibrium:
— Py ® W = 1G22/2%(1/ 4) (p+/ M) Zgpr
— £4+~0.005-0.01 1nsensitive to other conditions
— v~ 5-10 km/s ocp./m.
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Radiative SN remnants (Cioffi et al 1988; Blondin et
al 1998, Thornton et al 1998):

0.94 1l ‘P’s‘ﬁﬁzﬁ&r'
P« 1 ( PEsn I USECA /1 |
~ SOOOkmS T 3
My 10°*erg lem™ 100M ¢ 1000
L1000
—1ogbj
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L o Mlcr‘1):(.0‘00065§7‘ z : \
“»
10 . ] N
B QWGEZ ] | }
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B -2 -1 A i
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. o]
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2, i ]
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Starburst reglons

1000 LI || | 1 I LILELL II I LI I /‘_
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& 100 1000 10¢ two different CO ->H,
~ conversion factors a
} LB || ] 1 I LI l
— =1 ; a=3.2 SFG
g & TRETgSSs A — See Shetty et al
S 2011a,b and
- Narayanan et al
b (2011,2012) for X,
T dependencies
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]
X
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Narayanan, Krumholz, Ostriker, & Hernquist (2012)
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Gravity and turbulence for

externally-confined gas
* Gravitational free-fall time (gas):

9 1/2 —1/2
tﬂ.:< ”) :43Myr( nHS)

32Gp 1 cn—
* Dynamical crossing time:
1 _ay—1/2
tdyn = —= 13Myr (p, /0.1M pc™°
y (47TG,0*)1/2 ( )
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Summary

Gas consumption rate per free-fall time ¢, is expected to
be low in turbulence-dominated systems with o, .~ 1-2

Keeping net efficiency low over lifetime requires
preventing continuing contraction and increase of /,

Secular contraction is limited by various SF feedback
mechanisms at a range of scales that offset dissipation

System with both driving/dissipation balance and force
balance has

p* L N GMtot M* GMtotM

m* V2 L?p,./m,

UN&Sff

Details of feedback processes and evolution determine

ps/m. and resulting SFR, size, and velocity dispersion
GX

Dy /M

Starburst disks are particularly simple, with Yspr ~
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