Turbulent Mixing
In Galactic Disks

Chao-Chin Yang

Lund Observatory
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For elements with no stable isotopes, the mass number of the isotope with the longest half-life is in parentheses.
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Periodic Table for Astronomers

“Metals”

~70% ~28% ~2%



Supernova
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Radial Metallicity Gradient
The Milky Way
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Radial Metallicity Gradient
Nearby Disk Galaxies
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Bresolin, Kennicutt, & Ryan-Weber (2012)



Radial Metallicity Gradient
26 MASSIV Galaxies at z ~ 1.2
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Failure of Closed-system Models

MODEL ©
variants
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Radius (kpc)
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attens metallicity gradients!?

Credit: S. Brunier



What flattens metallicity gradients!?

Supernova-driven galactic fountains

Credit: S. Brunier
e.g., Spitoni, Recchi, & Matteucci (2008); Spitoni et al. (2009)



What flattens metallicity gradients!?

Radial inflows within the disk

Credit: S. Brunier

Mayor & Vigroux (1981); Lacey & Fall (1985); Pitts & Tayler (1989)
Gotz & Koppen (1992); Portinari & Chiosi (2000)
Spitoni & Matteucci (201 1); Bilitewski & Schénrich (2012)



What flattens metallicity gradients!?

Accretion/infall from halo/circumgalactic medium

Credit: S. Brunier

Tinsley & Larson (1978); Chiosi (1980); Matteucci & Francois (1989)
Chiappini et al. (1997, 2001); Prantzos & Boissier (2000)



What flattens metallicity gradients!?

Merger/interaction history

Credit: |. E. Barnes

Perez et al. (2006, 201 |); Kewley et al. (2010); Rupke, Kewley, & Barnes (2010);
Rupke, Kewley, & Chien (2010);Torrey et al., in prep.



What flattens metallicity gradients!?

Stellar radial migration
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Credit: S. Brunier

Roskar et al. (2008a,b); Schénrich & Binney (2009)


http://adsabs.harvard.edu/cgi-bin/author_form?author=Roskar,+R&fullauthor=Ro%c5%a1kar,%20Rok&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Roskar,+R&fullauthor=Ro%c5%a1kar,%20Rok&charset=UTF-8&db_key=AST

What flattens metallicity gradients!?

Stellar radial migration

Slope: 0002813997 -(0.005913.392

~0.0032
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Roskar et al. (2008a,b); Schonrich & Binney (2009)
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http://adsabs.harvard.edu/cgi-bin/author_form?author=Roskar,+R&fullauthor=Ro%c5%a1kar,%20Rok&charset=UTF-8&db_key=AST
http://adsabs.harvard.edu/cgi-bin/author_form?author=Roskar,+R&fullauthor=Ro%c5%a1kar,%20Rok&charset=UTF-8&db_key=AST

Turbulent Diffusion (?)

® Shakura & Sunyaev (1973) X-prescription
® Kinematic viscosity: v=oacd, 0 <a <1

® Diffusion timescale: 7~ L/ v
® Typical galactic disks: ¢s ~ 7 km/s, H ~ 200 pc
- 7~ (10 Gyr) (a/ 10?)! for L ~ 10 kpc



Turbulent Diffusion (?)

® Shakura & Sunyaev (1973) X-prescription
® Kinematic viscosity: v=oacd, 0 <a <1

® Diffusion timescale: 7~ L/ v
® Typical galactic disks: ¢s ~ 7 km/s, H ~ 200 pc
- 7~ (10 Gyr) (a/ 10?)! for L ~ 10 kpc

® /s that so?



Crab Nebula = M1 HST =« WFPC2

Driving Turbulence in the
Interstellar Medium

® Supernova explosions

® Rayleigh-Taylor instability
® Gravitational instability
® Magneto-rotational instability

® Thermal instability




Two-phase Model for the ISM
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Local Shearing Sheet for a Thin Gas Disk
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Local Shearing Sheet for a Thin Gas Disk
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Turbulent Steady State
Soiral Eore M . Eiald
Surface Density
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Turbulent Steady State
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Turbulent Steady State
Spiral Forcing  MagneticFields
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Turbulent Steady State
e Spiral Forcing MasgneticFields
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Turbulent Steady State
Spiral Forcing Magnetic Fields
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Turbulent Steady State
Spiral Forcing Magnetic Fields
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Power Spectrum of Mixed Metals

-0 Thermal Instability
£ + Spiral Forcing
o— + Magnetic Fields
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Following the Flow

Metal Tracer Field Power in £,
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Following the Flow

Metal Tracer Field Power in £,
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Table 3
Properties of the Mixing Process for Ditterent Metal Tracers in Model T

First Stage Second Stage

Linj I D D D D
(kpc) (Myr) (Myr) (kpe™ Gyr™ ') (Gyr) (kpc= Gyr™')

L] 100 48 5l 0.20
1.6 41 |8 0.16
0.78 22 8.0 . 0.13
0.39 12 4.0 : 0.11]

Notes. Ajyj 1s the wavelength of the metal distribution injected from the left
boundary. f; denotes the approximate advection time when the mixing process
transitions from the first stage to the second. tp and D respectively represent the
decay time constant of the injected distribution and the corresponding dittusion
coefficient at each stage.

D~ ac,H? ceH ~ 0.7 kp(32 Gyr_l

Yang & Krumholz (2012)




Conclusions

Turbulent mixing of metals...
® is efficient (timescale < orbital time).

® is not the same as the viscous stress of
the gas.

® is important in setting metallicity
gradients.



Where do we go
from here?
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Chemical
Homogeneites
in Moving
Groups

HR 1614, de Silva et al. 200/a
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in Moving
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Chemical Tagging Technique

(Freeman & Bland-Hawthorn 2002)

60 [ de Silva et al. 2007b



Stay tuned...

- - W "'
) o Yo
3%'1"' ~a
‘1 %‘.‘%Q‘ ” '°°8
: .'7 | ) _ J "~
N
9“‘% W"

ESN- - s

g “"
W

&



