The Star Formation Rate

Mark Krumholz




aws on Galactic Scales
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SF Laws on Galactic Scales

NGC 50565

A6 (arcsec)

A6 (arcsec)

H, :
FUVH24um & .
- O~

S
W -

:_ 7
R

>

2

of
06*

Big

Ly oo o by oo v 1wy o

Total Gas

iel+ 2008

Lo o 1o oo |

=1.0~=0.9 0.0 05 1.0 .8 20 2.5‘”‘“

log Xy, [Mo pc

]

2
Leroy+ 2008

00 0

Ao (arcsec)

—200

200 0

—200
Ao (arcsec)

<00 0 —200
Ao (arcsec)




SF Laws on Sub-Galactic Scales
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Metallicity-Dependence
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Phase-Dependence

HI
FUV+24um

-1.0-0.5 0.0 05 1.0 1.5 2.0 2.5
log Zy, [Me pc-z]

HZ
FUV+24um

-6
-1.0-0.5 0.0 0.5
log Zy,

log [ESFR (Mg yr‘lkpc_z)}

108 [Smol (Mopc?)]



The Theoretical Challenge

* Which laws are the fundamental ones, the

local or the galactic-scale? Both? Neither?

* Can we unify the different sets of laws (at
different scales, for different phases) within a

single theoretical framework?



SF Laws: the Top-Down Approach
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The idea in a nutshell: the SFR is set by galactic-
scale regulation, independent of the local SF law.
The local law is to be explained separately.



Q-Based Models
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_Yang+ 2007

Basic idea: SFR is a function of Toomre Q in galaxy



Feedback Models
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! B Hopkins+ 2011 " Dobbs+ 2011

Also see Tasker (2011), E. Ostriker’s talk

Mechanisms that requlate SF rate: supernovae, radiation
pressure, ionized gas pressure, FUV heating



Characteristics of Top-Down Models
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Changing the small-scale SF law does not change the SFR in
the galaxy, but it does change the gas density distribution



Top-Down Model Limitations
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* Results depend strongly on subgrid feedback model
(e.g. radiative trapping, SFE inside unresolved
GMCs, UV heating per unit)

* Noindependent prediction for local SF laws



Metallicity in Top-Down Models

‘Bolatto+ 2011

Molecular Model A (No Detailed Chemistry)
—m————— Molecular Model B (Chemistry in SFR)
Molecular Model C (Chemistry in Cooling & SFR)

Hopkins+ 2012
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Top-down models most naturally predict SF laws that do not
depend on metallicity or phase, strongly inconsistent with
observations



SF Laws: the Bottom-Up Approach

/.

The idea in a nutshell: the SFR is set by a local SF
law, plus a galactic-scale distribution of gas.



The “"Dense Gas” Model
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Observed Local SF Law

= MW clouds
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Also see Krumholz & Tan (2007)?
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Local SF law: ~1% of gas mass goes into stars per free-fall
time, independent of density or presence of massive stars




(Original model: Krumholz & McKee 2005;
updates by Padoan & Nordlund 2011, Hopkins 2012, Federrath & Klessen 2012)

* Properties of GMC turbulence:
.~ 1, density PDF lognormal,
LWS relation o, ~ £/

* Scaling: M ~ 8, PE ~ 65, KE ~ ¢,
so PE << KE, typical region
unbound

* Only over-dense regions
bound; integrating over
lognormal PDF gives ¢ ~ 0.01




Building a Galactic SF Law
from a Local One

Need to estimate characteristic density

In MW-like galaxies, GMCs have 2,,- ~ 100

Mo P2 Mgmc ~ 04/ G* 2 ; this gives

PGMC ™ G(ZGMCZgal)l 4/0

In SB / high-z galaxies, Toomre stability gives
pr ~ Q*/GQ?

Ansatz: p = max(p+, Pemc)



Combined Local-Galactic Law

Krumholz,
Dekel, &
McKee
2012
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Metallicity / Phase-Dependence




Chemical and Thermal Balance

H, formation H, photodissociation

é * v.[y —_ —(nH20H2 nad)Iy
Decrease in Absorption
rad. intensity by dust, H,

Line cooling Photoelectric heating

Caveat: this is assumes
equilibrium, which may not hold



Calculating Molecular Fractions

To good approximation,
solution only depends on

2.0 0.6 = g,/107" cm™?

two numbers: .
™| = noglRk 2
faissoaEg ° o
e ;i EEEREE
- : B | Krumholz+ 2008, 2009
An apprOXImate analytlc 1.8.61 0.10 1.00 10.00 100.00 1000.00
. . X
solution can be given from
these para meters Analytic solution for location of HI / H,

transition vs. exact numerical result



Calculating f,,
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H,

Qualitative effect: f,,, goes from ~o to ~1 when
2Z ~10 Mg pc
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Why DOeS SF Glover & Clark 2012
Follow H,? e

Atomic gas
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The Local HI — H2 Transition
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Extra-Galactic Phase Dependence

Bolatto+ 2011
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Non-Equilibrium Effects

Scale in kpc

H, fraction
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L ~ 10 pc; Glover & Mac Low 2007 L ~ 1 kpc; Gnedin+ 2009

See also Pelupessy+ 2009, Christensen+ 2012
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ISH, In
Equilibrium?

Depends on size scale and gas
metallicity:

> 100 pc scales: yes on average
~10 pc scales: maybe;
simulations suggest no, but
observations suggest yes,

Galaxy 3

Krumholz
& Gnedin
2011
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Equilibrium Timescales

* H, formsslowly: t,,, ~1/nR =100 Myr/n C Z'

* Gas cools quickly: t__ ., ~ (T/91K) [ kg Ocn =
0.04/n,C Z' (T/91 K) exp(91 K/T) Myr

* AtlowZ’, can havet_ <<tgy<<t,, =2 SF

should take place before bulk of gas forms H,



Equilibrium Timescales
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Implication: SF in HI!
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Implication: SF in HI!

t= IOfff

Star-forming
(Mgg <1200 Mg)

Quiescent
(Mgg > 1000 Mg)

Krumholz 2012




Implication: SF in HI!
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Cosmological Implications

low: (Z/Z ) =0.055
medium : <Z/Z®> =0.17
high: (Z/Z ) =0.32
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Metallicity-Reqgulated SF

Mpy =150 x10" M, M,, =243 x10° M, M, =1.16 x10° M,

Metallicity-dependent SF Metallicity-independent SF

Same halo (~10%° Mg, z~5) in two simulations with different SF
recipes (Kuhlen+ 2012)



Mass Function and SF at High z
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The Future: Mapping out the
Space Between Local and Galactic
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Extragalactic SF Laws
at High Resolution
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Extragalactic SF Laws
at High Resolution
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Comparison to Model

log[ SFR from Estimated H-alpha Emission (Msun/yr/kpc™2)] log[ Approx. H 2 Surface Density (Msun/pc™2) ]
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Comparison to Model
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SF Laws in Many Lines

(a) CO(1-0) (b) HCO+(1-0)
B= 1.30+0.17 4 g= 0.99+0.26
r= 0.86

(c) HCN(1-0) (d) HCO+(3-2)
B= 1.13£0.11 6 g= 0.81+0.21
r= 0.90 r= 0.80

(e) HCN(3-2) 5 9
B= 0.70%0.09 & log (L' [K km s pc®])
r= 0.92

Optical Class:
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Comparison to Model
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Summary

* Can local and extra-galactic laws be unified?
Depends on whether SF regulation is top-
down or bottom-up

* Can laws for different phases [ metallicities be
unified with other laws? Yes, but this only
nappens naturally in a bottom-up framework.

* Promising approach: measure and predict SF
aws at intermediate scales and densities




