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The flippant answer

Is O well-mixed in the sites where it is found?
Yes. . .

(mainly). . . but possibly not entirely . . .
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Talk based in part on . . .

Henney & Stasińska (2010)

Stasińska et al. (2007)
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. . . and also on . . .
Henney et al. (2009)

Arthur et al. (2011)
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Abundance fluctuations in H II regions and PNe Observational evidence

Evidence for metallicity fluctuations

É PNe
É Abundance discrepancies – ADF

É Liu (2002)
É Talk by Xuan Fang on Tuesday

É Indications that T(ORL) < T(Bac) < T(He) < T(CEL)
É The κ-distribution cannot easily explain this
É (unless we have κ2 fluctuations!!!)

É Natural explanation is cool, high-metallicity clumps

É H II regions
É Yet another explanation for the t2/ADF phenomenon
É Advantage is that it requires no additional energy
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Abundance fluctuations in H II regions and PNe Origin and preservation

Where does the metal-rich gas come from?
Different sources required in different classes of object

Planetary nebulae

É Nucleosynthesis products? Probably not
É Some PNe have evidence for O enrichment

É O-rich knots in born-again objects (Abel 70, Abel 58)
É O enhancement in atmospheres of PG1159 stars

É But unlikely to apply to most PNe (see Amanda Karakas talk
on Monday)

É Evaporation of solid bodies? Maybe
É Survival of planetary systems and/or debris disks through

post-MS evolutionary stages
É Evidence for dust disks around hot WD (Chu et al. 2011)
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Abundance fluctuations in H II regions and PNe Origin and preservation

Where does the metal-rich gas come from?
Different sources required in different classes of object

HII regions

É Evaporation of solid bodies? Probably not/ / / / / / / / / / / / / Possibly
É Free-floating planets and planetesimals (KBOs to Jupiters)
É e.g., Strigari et al. (2011)

É Metal-rich droplets from galactic fountain? Maybe
É e.g., Tenorio-Tagle (1996), Spitoni et al. (2009)
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Abundance fluctuations in H II regions and PNe Origin and preservation

How can metal-rich fluctuations survive?

É Mixing is the enemy
É molecular diffusion
É turbulence

É Turbulence stirs up the gas
É reducing the spatial scale of the inhomogeneities
É then molecular diffusion can act to achieve true microscopic

mixing
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Mixing processes Basic definitions

Advection, diffusion, sources and sinks

Conservation equation for any quantity A

∂A

∂t
+ ~∇ · ~FA = SA

É SA: net sources− sinks of A
É ~FA: Flux of A (advective plus diffusive)

É Advective flux due to bulk velocity u
É Diffusive flux with diffusion coefficient D

⇒ ~FA = ~uA−D ~∇A
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Mixing processes Basic definitions

Advection, diffusion, sources and sinks

For constant diffusion coefficient:

∂A

∂t
= SA − ~∇ · (A~u) + D∇2A

rate of
change

= sources + diffusion + advection
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Mixing processes Basic definitions

Advection/diffusion of a metallicity peak
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Mixing processes Molecular and turbulent diffusion

Molecular diffusion

Random thermal motion of molecules/atoms/ions

Diffusion coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . D = urms λmfp

RMS velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . urms = (2kT/m)1/2

Mean free path . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . λmfp = 1/(nσ)
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Mixing processes Molecular and turbulent diffusion

Molecular diffusion timescale

Random walk to reach a distance L

td = L2/D

Example
O++ ions moving in a field of H+ ions

td

1Myr
' 0.3

�

L

1× 1015 cm

�2� n

1cm−3

�

�

T

104 yr

�−5/2
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Mixing processes Molecular and turbulent diffusion

Molecular diffusion timescale

Object L (pc) n (cm−3) T (K) td (yr) tevo (yr) Ld (pc)

Giant H II Region 100 10 10000 3.0× 1017 1× 107 5.8× 10−4

Planetary nebula 0.1 1× 104 10000 3.0× 1014 1× 104 5.8× 10−7

Superbubble 100 0.003 1000000 9.1× 108 1× 108 3.3× 101

Molecular cloud 1 1× 104 100 3.0× 1012 1× 107 1.8× 10−3

Proplyd 3× 10−4 1× 106 10000 2.7× 1011 1× 102 5.8× 10−9

Diffusion times are looooong
See also Tenorio-Tagle (1996), Oey (2003)
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Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: dispersal vs mixing

É Assume turbulent eddies of velocity uturb and size ℓturb

É For times greater than the turnover time t > ℓturb/uturb, the
turbulent diffusion coefficient saturates at

Dturb = ℓturb uturb

É But uturb varies with scale:

Kolmogorov: uturb ∼ ℓ1/3turb (Incompressible)

Shocks: uturb ∼ ℓ1/2turb (Highly compressible)

É So, which scale should we pick?
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Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: dispersal vs mixing
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Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: dispersal vs mixing

É Mixing timescale arises from exponental stretching of fluid
elements by turbulent shear Pan & Scalo (2007):

tmix ∼ td,turb lnP

É P is the Péclet number of the turbulence:

P = Dturb/D = ℓturbuturb/D� 1

É Similar to the Reynolds number:

Re = ℓturbuturb/ν� 1

where ν is the kinematic viscosity (diffusion coefficient for
momentum).
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Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: laboratory analogs

Courtesy of http://puttingweirdthingsincoffee.com
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Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: numerical simulation

SN-driven ISM (de Avillez & Mac Low 2002)

4. RESULTS

4.1. Overview of Results

In the first 50 Myr the system evolves into a statistical
steady state on the global scale. Once disrupted by SN
explosions, the disk never returns to its initial state, pro-
vided SNe continue to explode. Instead, regardless of the
initial vertical distribution of the disk gas, a thin disk of cold
gas forms in the Galactic plane, and, above and below, a
thick inhomogeneous gas disk forms. Gas flows between the
thin and thick gas disks, with upward and downward flow-
ing gas coming into dynamical equilibrium. The upper parts
of the thick disk form the disk-halo interface, where a large-
scale fountain into the halo is driven by hot ionized gas
escaping in a turbulent convective flow from the disk-halo

interface and from superbubbles blowing out of outer layers
of the thin disk.

Table 1 gives the time for complete mixing, measured in
the supernova-forming stellar disk, which we take to be the
time needed for the average value of the tracer field to satu-
rate at a value!0.5 (see x 4.2). Results are shown for check-
erboards with initial square sizes of l ¼ 25, 50, and 500 pc,
and SN rates !=!gal ¼ 1, 5, 10, 15, 20, 30, and 50, at resolu-
tions Dx of the finest grid levels used during adaptive mesh
refinement. A quick look at the table shows that the time
required for complete mixing of inhomogeneities with
l ¼ 25 and 50 pc differs by only 5–20 Myr, while that for
inhomogeneities with l ¼ 500 pc is larger by, at most,
another 20 Myr. These differences decrease with increasing
SN rate. Runs with different finest resolution Dx for the

Fig. 3.—Tracer field set up as checkerboards with squares of l ¼ 500 (upper left panel), 50 (upper right panel ), and 25 pc (lower panel). The red squares have
value 1, while the blue regions have the value 0.
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same SN rate show similar mixing timescales, suggesting
that the results depend quite weakly on the actual strength
of the diffusion.

Figures 4 and 5 present snapshots of the evolution of
tracer fields in checkerboards with initial length scale of
l ¼ 50 pc and SN rates !=!gal ¼ 1, 5, and 15. The snapshots
in Figure 4 were taken at 50 and 126.6 Myr, while those in
Figure 5 were taken at 50 Myr of evolution. The resolution
of these snapshots is 1.25 pc in Figure 4 and 2.5 pc in Figure
5. We see that for the Galactic SN rate, the mixing process

at 50 Myr is just starting to occur, while for larger SN rates,
it is well advanced, with a larger fraction of the inhomogene-
ities reduced to weak structures that take a long time to be
erased. For example, in the model with !=!gal ¼ 15 at a time
of 50 Myr, the tracer field has a value varying between 0.4
and 0.6. For the other rates shown in the figures at 50 Myr
there are still unmixed regions where the tracer field has
values of zero or 1.

These figures show large-scale laminar flow in the hot gas
bubbles that transports tracer fields over large distances.
The expansion and interactions of the bubble drive shocks
into the warm and cold gas. Vorticity generated at shock
intersections drives eddies mixing the gas up to 100 pc
scales, as well as Rayleigh-Taylor fingers that degenerate
into smaller eddies at the tips of their caps. The eddies cas-
cade from intermediate to small scales, further mixing the
tracer field down to the diffusion scale. The mixing process
thus proceeds by different mechanisms at different scales,
because of the inhomogeneous, compressible nature of the
flow.

The mixing process is independent of the spatial distribu-
tion of isolated SNe that occur randomly in the field. The
locations of SNe II and Ib+c occurring away from their
parental OB associations are determined from a file of ran-
dom numbers chosen at the beginning of a simulation. We
ran simulations with different sets of random numbers and
finest grid resolutions of Dx ¼ 1:25 and 2.5 pc and found
mixing timescales virtually the same as the ones reported
here, so we do not further discuss those models.

4.2. Average, Variance, andMaximum

The simulations start with exactly the same number of
cells having values of 1 and 0. Therefore, the average value
of the tracer field Ch i ¼ 0:5 at t ¼ 0. By definition, complete
mixing occurs when the tracer field at any point in the grid
has Cmax ¼ Cmin ¼ 0:5. However, because of round-off and
phase errors of the numerical scheme, the actual value for

TABLE 1

Summary of the Simulation Parameters

Runa
Dxb

(pc) !=!galc
"25d

(Myr)
"50d

(Myr)
"500d

(Myr)

L11 ........ 5 1 . . . 303.1 311.2
L12 ........ 5 5 . . . 176.2 192.1
L13 ........ 5 10 . . . 143.0 167.2
L14 ........ 5 15 . . . 132.2 152.7
L15 ........ 5 20 . . . 123.5 144.9
L16 ........ 5 30 . . . 108.4 130.5
L17 ........ 5 50 . . . 107.0 127.2
L21 ........ 2.5 1 306.3 318.8 326.5
L22 ........ 2.5 5 180.9 193.8 216.6
L23 ........ 2.5 10 147.2 162.4 184.5
L23 ........ 2.5 15 139.6 144.9 159.2
L24 ........ 2.5 20 130.9 138.5 151.6
L31 ........ 1.25 1 . . . 347.2 366.4
L32 ........ 1.25 5 . . . 213.8 235.7
L33 ........ 1.25 10 . . . 180.1 199.1
L34 ........ 1.25 15 . . . 157.2 180.0
L35 ........ 1.25 20 . . . 149.6 163.8

a Run label Lab; a is the refinement level and b the run
number.

b Resolution of the finest level of refinement.
c SN rate in units of the SNGalactic rate.
d Mixing time for inhomogeneities l ¼ 25, 50, and 500 pc.

Fig. 4.—Distribution of inhomogeneities with length scale l ¼ 50 pc at times 50 and 126.6Myr of evolution for the Galactic SN rate. The resolution of these
images is 1.25 pc.
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same SN rate show similar mixing timescales, suggesting
that the results depend quite weakly on the actual strength
of the diffusion.

Figures 4 and 5 present snapshots of the evolution of
tracer fields in checkerboards with initial length scale of
l ¼ 50 pc and SN rates !=!gal ¼ 1, 5, and 15. The snapshots
in Figure 4 were taken at 50 and 126.6 Myr, while those in
Figure 5 were taken at 50 Myr of evolution. The resolution
of these snapshots is 1.25 pc in Figure 4 and 2.5 pc in Figure
5. We see that for the Galactic SN rate, the mixing process

at 50 Myr is just starting to occur, while for larger SN rates,
it is well advanced, with a larger fraction of the inhomogene-
ities reduced to weak structures that take a long time to be
erased. For example, in the model with !=!gal ¼ 15 at a time
of 50 Myr, the tracer field has a value varying between 0.4
and 0.6. For the other rates shown in the figures at 50 Myr
there are still unmixed regions where the tracer field has
values of zero or 1.

These figures show large-scale laminar flow in the hot gas
bubbles that transports tracer fields over large distances.
The expansion and interactions of the bubble drive shocks
into the warm and cold gas. Vorticity generated at shock
intersections drives eddies mixing the gas up to 100 pc
scales, as well as Rayleigh-Taylor fingers that degenerate
into smaller eddies at the tips of their caps. The eddies cas-
cade from intermediate to small scales, further mixing the
tracer field down to the diffusion scale. The mixing process
thus proceeds by different mechanisms at different scales,
because of the inhomogeneous, compressible nature of the
flow.

The mixing process is independent of the spatial distribu-
tion of isolated SNe that occur randomly in the field. The
locations of SNe II and Ib+c occurring away from their
parental OB associations are determined from a file of ran-
dom numbers chosen at the beginning of a simulation. We
ran simulations with different sets of random numbers and
finest grid resolutions of Dx ¼ 1:25 and 2.5 pc and found
mixing timescales virtually the same as the ones reported
here, so we do not further discuss those models.

4.2. Average, Variance, andMaximum

The simulations start with exactly the same number of
cells having values of 1 and 0. Therefore, the average value
of the tracer field Ch i ¼ 0:5 at t ¼ 0. By definition, complete
mixing occurs when the tracer field at any point in the grid
has Cmax ¼ Cmin ¼ 0:5. However, because of round-off and
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a Run label Lab; a is the refinement level and b the run
number.

b Resolution of the finest level of refinement.
c SN rate in units of the SNGalactic rate.
d Mixing time for inhomogeneities l ¼ 25, 50, and 500 pc.

Fig. 4.—Distribution of inhomogeneities with length scale l ¼ 50 pc at times 50 and 126.6Myr of evolution for the Galactic SN rate. The resolution of these
images is 1.25 pc.
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Survival of metal-rich droplets in H II regions Survival times

Survival time with no turbulence

Molecular diffusion
Assuming n ' 104 cm−3 and T ' 6000K for the O-rich droplets,
we obtain

td ' 109 yr

�

L

1015 cm

�2

,

so droplets as small as 1014 cm could survive for the entire
lifetime of a typical H II region.
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Survival of metal-rich droplets in H II regions Survival times

Survival time with turbulence

Turbulent mixing
Assuming turbulent driving by transonic photoevaporation
flows at scales of 0.1 to 1pc, we find

tmix ' 104 yr

�

L

1015 cm

�1/2� ℓout

1018 cm

�1/2� uout

10km s−1

�−1

,

so turbulent mixing is efficient on timescales much smaller
than the H II region lifetime.
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Survival of metal-rich droplets in H II regions Turbulence in H II regions

Uniform magnetic medium 0–2 Myr

Cold neutral • Warm neutral • Partially ionized • Fully ionized

Krumholz et al. (2007) Arthur et al. (2011)
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Survival of metal-rich droplets in H II regions Turbulence in H II regions

Globule: 2D simulation Henney et al. (2009)

Upper panel
Vertical field �

Diagonal field �
Horizontal field �
Diagonal field �
Out-of-plane field ⊗ �
Weak field

Lower panel
Cold neutral
Warm neutral
Partially ionized
Fully ionized
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Survival of metal-rich droplets in H II regions Turbulence in H II regions

Globule: 3D simulation Henney et al. (2009)

[N II] Ha [O III]
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Survival of metal-rich droplets in H II regions Turbulence in H II regions

O star in a turbulent medium: the movie

Sequence

1. Evolution
0–50 kyr

2. Tumble cube
@ 50 kyr

3. Evolution
50–400 kyr

4. Tumble cube
@ 400 kyr

Color coding
[N II] Hα [O III]
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Survival of metal-rich droplets in H II regions Turbulence in H II regions

O star in a turbulent, magnetic medium

Arthur et al. (2011)

Upper panels
[N II] Hα [O III]

Lower panels
FIR Cold dust
MIR Warm PAHs
Radio Free-free
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Survival of metal-rich droplets in H II regions Turbulence in H II regions

Is anywhere safe from turbulence?

Yes!
Simulations show that 10–30% of the [O III] emission comes
from the base of bright photoevaporation flows, where the
velocity field is ordered.
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Solid body evaporation in planetary nebulae Metal release during the PN phase

Size and mass constraints

Destruction processes considered

É EUV photosputtering (stellar CSPN continuum)

É FUV photosputtering (Lyman α)

É Sputtering by ion impact

É Thermal sublimation
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Solid body evaporation in planetary nebulae Metal release during the PN phase

Size and mass constraints

The constraints that we find are very tight

É The solid bodies must be meter-size or larger

É The total mass of solid bodies must exceed a few
hundredths of a solar mass for kilometer-sized bodies,
scaling linearly with size

É This applies to volatile materials such as ices. For silicates,
the constraints are tighter still
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Solid body evaporation in planetary nebulae Metal release during the PN phase

Size and mass constraints

Possible solid body populations:

Planets No . . . Minimum mass ∼ 1000 M�!

Comets No . . . Mass of the Oort cloud < 10−5 M�, but we
need ∼ 0.03 M�

Debris disks No . . . Mass ∼ 3× 10−6 M� but for a = 10m we
need ∼ 0.001 M�
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Solid body evaporation in planetary nebulae Metal release during the AGB phase

. . . but, what about the AGB phase?

The Asymptotic Giant Branch phase

É High luminosity – 103 to 104 L�

É Unstable He- and H-burning shells – thermal pulses

É Strong mass loss – 10−7 M�/year

É Duration ∼ 106 years – much longer than PN phase

Could comets be pre-ablated?

É Photosphere is cool – only thermal sublimation
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Solid body evaporation in planetary nebulae Metal release during the AGB phase

. . . but, what about the AGB phase?

Possible observational evidence

É H2O emission from C-rich AGB star

É Melnick et al. (2001); Ford & Neufeld (2001)

However, you need a lot of comets around 100 AU
Solar System does not have them, but are we special?

É Late Heavy Bombardment

É Nice model
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Solid body evaporation in planetary nebulae Metal release during the AGB phase

. . . but, what about the AGB phase?

. . . and you don’t really have a megayear to do it
Vexp(PN) < 6Vwind(AGB)

Most mass lost on AGB is never incorporated into PN

Finally, mixing would kill you
How can the evaporated metals be accelerated up to the AGB
wind speed without also mixing them?
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Conclusions

Conclusions

HII regions

É Sub-milliparsec–sized, moderately metal-enriched droplets
are a possible alternative explanation for observed t2 and
ADFs

É Turbulence efficiently destroys them, but they may survive
long enough to contribute significantly to the observed
spectrum.
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Conclusions

Conclusions

Planetary nebulae

É Solid body destruction during the PN phase cannot explain
posited abundance fluctuations in the ionized gas
É The mass of the comet reservoir is unrealistically high

É But, comet sublimation during the AGB phase could work
for stars with a comet population ten times more massive
than the Sun’s . . .
É . . . so long as mixing is inefficient
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