J. Tan
Star Formation: From Local Regions to Extreme Starbursts

[ review the star formation process as we understand it from studies of nearby
Galactic regions, including infrared dark clouds, embedded clusters, and the local
volume of the Milky Way. I then discuss how the various physical processes are
expected to change as we go to more extreme proto star clusters and more
extreme circumnuclear disks.
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Global SFRs correlate with gas content and orbital timescale:
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Also: Schmidt (1959), Wong & Blitz (2002), Boissier et al. (2003), Kennicutt et al. (2007), Leroy et al. (2008), Bigiel et al. (2008)
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Star Formation is Inefficient, Slow and Clustered

Eorbit = 0.04  in H. dominated regions of 12 disk galaxies (Tan 2010)

& ~ 0.01  in Galactic GMCs (Zuckerman & Evans 1974)
and dense IRDCs (Krumholz & Tan 2007)

\
Shirley et al. 2003

Zuckerman & Evans 1974

& (SFR per free-fall time)

Rathborne et al. 2005

Gao & Solomon 2004




Star Formation is Inefficient, Slow and Clustered

Eorbit = 0.04  in H. dominated regions of 12 disk galaxies (Tan 2010)

& ~ 0.01  in Galactic GMCs (Zuckerman & Evans 1974)
and dense IRDCs (Krumholz & Tan 2007)

€ << 0.071 in most gas in GMCs (Av<10)
Pipe Nebula with Mg~10*Mg (Forbrich et al. 2009)

€ ~ 0.0006
& ~ 0.0006 (assuming tcioud=11#)

Magnetic fields appear to be strong:

Correlation of B-field vectors from ~100pc to

Ordered B-field vectors in Taurus
<1pc scales (Hua-bai Li et al. 2009)

(Heyer et al. 2008)




Star Formation is Inefficient, Slow and Clustered

Eorbit = 0.04  in H. dominated regions of 12 disk galaxies (Tan 2010)

& ~ 0.01  in Galactic GMCs (Zuckerman & Evans 1974)
and dense IRDCs (Krumholz & Tan 2007)

€ << 0.071 in most gas in GMCs (Av<10)
Pipe Nebula with Mg~10*Mg (Forbrich et al. 2009)

€ ~ 0.0006
& ~ 0.0006 (assuming tcioud=11#)

Magnetic fields appear to be strong:
Column density threshold for star formation

may be due to regulation of ambipolar
diffusion by photoionization (McKee 1989).

Star formation is highly clustered, occurring in star-forming clumps:
(Lada & Lada 2003; Gutermuth et al. 2009)

€4~0.01, €~0.1-0.5 — tiorm >> ts
slow star cluster formation (Tan, Krumholz, McKee 2006)
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Star Formation Driven by GMC Collisions

Tan (2000)

In regions of galaxies dominated by molecular gas, a large fraction of the total
gas is in gravitationally bound clouds (GMCs & associated HI).

Formation of GMCs is not the rate limiting step for star formation, but rather

formation of magnetically supercritical star-forming clumps (Av>10) within GMCs.
(c.f. “building block” model of Wu, Evans et al.)

Hypothesis: GMC collisions & mergers compress gas that is already molecular,
dense, and prone to gravitational instability, creating star-forming clumps.
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Star Formation Driven by GMC Collisions

Lo = 9 t
79411 +03p)1 —p) ™

The collision time is short because:

1. GMCs are in a near 2D distribution

2. Gravitational focusing boosts cross section to be ~tidal radius, ~100pc
3. Interaction velocity is shear velocity at impact parameter ~2 tidal radii,
~10km/s, rather than velocity dispersion, ~6 km/s

Esf'/(/;‘lMc ~ €sfz:gas
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" " " " Tasker & Tan (2009),
A simulated idealized disk galaxy s o
Flat rotation curve, axisymmetric fixed background potential (old stars & DM), Q=1 (for c=6km/s) from 2-10kpc.

ENZO AMR 3D Hydro Atomic Cooling to 300K, 8pc resolution, “GMCs” identified as regions with ny>100cm-3,
£#=0.02 in “GMCs” (Krumholz & Tan 2007), FUV heating appropriate for Milky Way (Wolfire et al. 2003)

20kpc

| famc = 0.44




2kpc

GMC Tracking

Follow cloud birth, merger, destruction

t=161Myr

Ry Ty




Implications of Frequent GMC Collisions

We find GMCs suffer frequent
mergers. A typical GMC
merges every 0.2 orbital
times, i.e. ~20-30Myr.

Frequent mergers can explain
the retrograde rotation of
GMCs.

Frequent mergers can be an
important source of turbulence
in GMCs.

Frequent mergers redefine the
notion of GMC lifetimes.

This process could trigger star
formation and be the link
between global galactic
dynamics and star cluster
formation.




A test of SF Laws: Empirical Effect of Shear on 2sir  Tan (2010)
. DatIa fr(?m ITeroy etlal. (.200.8)

NGC 3521
' | o

] Ssr=B 35 Q
—Observed 2
I 3sr = B 3 Q(1-0.7B)




Comparison of 6 SF laws in 12 galaxies:
Schmidt-Kennicutt power law:

A3

Kennicutt Omega law:

Sstr = BoX,0)

Sfr g,2?

Constant molecular law:
Yotr = Amadmo,2,
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These laws pl’édlCt the radial profiles
with an RMS error of a factor of 1.5

b r

A single value of Bcc=8x10"3 predicts
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Star formatlon rate per free fall time, adapted from Krumholz & Tan (2007)
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ULIRG Disks Eorbit~0.1 for Arp 220 (E & W)

Higher values for other systems
(CO) 4
Downes & Solomon (1998) GalactictCS(5-4) |
Shirley et|al. (2003)

0.1

€t
]

0.01

Galac:ci-c GMCs
Maybe ULIRG star-forming disks follow the same star formation
physics as normal disk galaxies, just scaled to higher densities and
shorter dynamical timescales.
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Conclusions

To understand star formation in disk galaxies and circumnuclear starbursts:

Sta as
Stars ar Gas

Stars form from Magnetically Supercritical Molecular Gas at Ay>10

Star formation is slow: &#~0.01-0.05 from ny up to ~10°cm=,
perhaps due to turbulence or magnetic support

Star formation is localized in ~parsec-sized star clusters
but knows about the global dynamical timescale of the disk

Star formation triggered by converging flows in galactic-shear-driven
GMC collisions can explain these local and global features

Maybe a single, self-similar model of a star-forming, self-regulated
(Q~1) disk can explain both disk galaxies and circumnuclear starbursts
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