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The flippant answer

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

Is O well-mixed in the sites where it is found?
Yes. .. (mainly). ..
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The flippant answer

Is O well-mixed in the sites where it is found?
Yes. .. (mainly)... but possibly not entirely ...

William J. Henney (CRyA, UNAM) Is oxygen well-mixed where it is found? Tenerife 2012 3/33



Talk based in parton...
Henney & Stasinska (2010)

THE ASTROPHYSICAL JOURNAL, 711:881-887, 2010 March 10 doi:10.1088/0004-637X/711/2/881

©2010. The American Astronomical Society. All rights reserved. Printed inthe US.A.

CAN SOLID BODY DESTRUCTION EXPLAIN ABUNDANCE DISCREPANCIES IN PLANETARY NEBULAE?

WiLLIAM J. HENNEY' AND GRAZYNA STASIN:
! Centro de Radioastronomia y Astrofisica, Universidad Nacional Auténoma de Méxi ; whenney @crya.unam.mx
2 LUTH, Observatoire de Paris, CNRS, Université Paris Diderot; Place Jules J ; grazy) 1ska@obspm.fr
Received 2009 March 31; accepted 2010 January 26; published 2010 February 18

Stasinska et al. (2007)

[A&A 471, 193-204 (2007) Astronomy
[DOI: 10.1051/0004-6361:20065675

(©Es02007 Astrophysics

Enrichment of the interstellar medium by metal-rich droplets
and the abundance bias in Hll regions

G. Stasitiska!, G. Tenorio-Tagle?, M. Rodriguez?, and W. J. Henney?

! LUTH, Observatoire de Paris, CNRS, Université Paris Diderot, Place Jules Janssen, Meudon, France
e-mail: grazyna. stasinska@obspm. fr

2 Instituto Nacional de Astrofisica Optica y Electréni 51, 72000 Puebla, Mexico

2 Centro de Radioastronomfa y Astrofisica, Un acional Auténoma de México, Campus Morelia, Apartado Postal 3-72,
58090 Morelia, Mexico

Received 23 May 2006 / Accepted 25 May 2007

William J. Henney (CRyA, UNAM) Is oxygen well-mixed where it is found? Tenerife 2012

4/33



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

Mon. Not. R. Astron. Soc. 398, 157-175 (2009) doi:10.1111/5.1365-2966

Radiation-magnetohydrodynamic simulations of the photoionization
of magnetized globules*

William J. Henney,!t S. Jane Arthur,! Fabio De Colle>* and Garrelt Mellema*

! Centro de Radioastronomia y Astrofisica, Universidad Nacional Autgnoma de México, Apartado Posta 58090 Morelia, Michoacdn, México

hool of Cosmic Physics, Dublin Institute fur inced Studies, 3. mmm Place, Dubli, Ireland
3Department of Astronomy and Astrophysics, University of Cal x -
“Depariment of Astronomy, Stockholm SE-106 91, Stockholm, .Sm'den

Accepted 2009 May 28. Received 2009 May 25; in original form 2008 October §

Arthur et al. (2011)

William J.

Mon. Not. R. Astron. Soc. 000, 000-000 (0000)  Printed 14 February 2011 (MN ISTEX style file v2.2)

Radiation-magnetohydrodynamic simulations of H IT regions and
their associated PDRs in turbulent molecular clouds

J. Arthur'*, W. J. Henney G. Mellema?, F. De Colle® and E. Vazquez Semadeni’

170 de Radioastronomia y Ast rofisic: id Nacional Autdnoma de mpus Morelia, Apdo. Postal 3-72, 58090 Morelia, Michoacdn, México
Departmen womy & Oskar Kicin Cente Albaove, Sockholm
3Department of Astronomy and Astrophy versity of California Santa

Henney (CRyA, UNAM) Is oxygen well-mixed where it is found? Tenerife 2012

5/ 33



Abundance fluctuations in H1l regions and PNe
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Abundance fluctuations in H1l regions and PNe Observational evidence

Evidence for metallicity fluctuations

» PNe

» Abundance discrepancies — ADF
> Liu (2002)
» Talk by Xuan Fang on Tuesday

» Indications that T(ORL) < T(Bac) < T(He) < T(CEL)
» The k-distribution cannot easily explain this
» (unless we have k2 fluctuations!!!)

» Natural explanation is cool, high-metallicity clumps

» H1l regions
» Yet another explanation for the t2/ADF phenomenon
» Advantage is that it requires no additional energy
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Abundance fluctuations in H1l regions and PNe Origin and preservation

Where does the metal-rich gas come from?

Different sources required in different classes of object

Planetary nebulae

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

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

» But unlikely to apply to most PNe (see Amanda Karakas talk
on Monday)
» Evaporation of solid bodies? Maybe

» Survival of planetary systems and/or debris disks through
post-MS evolutionary stages
» Evidence for dust disks around hot WD (Chu et al. 2011)
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Abundance fluctuations in H1l regions and PNe Origin and preservation

Where does the metal-rich gas come from?

Different sources required in different classes of object

H 11 regions

» Evaporation of solid bodies? PfpbEbBly hdiy  Possibly

» Free-floating planets and planetesimals (KBOs to Jupiters)
» e.g., Strigari et al. (2011)

» Metal-rich droplets from galactic fountain? Maybe
» e.g., Tenorio-Tagle (1996), Spitoni et al. (2009)
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Abundance fluctuations in H1l regions and PNe Origin and preservation

How can metal-rich fluctuations survive?

» Mixing is the enemy
> molecular diffusion
» turbulence
» Turbulence stirs up the gas

» reducing the spatial scale of the inhomogeneities
» 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

0A
—+VF‘A:SA
ot

» Sp: net sources — sinks of A
» Fa: Flux of A (advective plus diffusive)

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

= F,=U0A-DVA
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Mixing processes Basic definitions

Advection, diffusion, sources and sinks

For constant diffusion coefficient:

0A

— = S, -V-(A0) + DV?A
ot
rate of , . .
= sources + diffusion + advection
change
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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 Amfp
RMS velocity ..............ccoiiiiiiiinnnn.. Urms = (2KT/m)¥/2
Mean freepath ............................L Amfp = 1/(n0)
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Mixing processes Molecular and turbulent diffusion

Molecular diffusion timescale

Random walk to reach a distance L

ty =L%/D

Example

O** ions moving in a field of H* ions

tq L 27 n T \ 77
~0.3 ( )
1 Myr 1x 102 cm 1cm~3) \(10%yr
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Mixing processes

Molecular diffusion timescale

Molecular and turbulent diffusion

Object L(pc) n(cm=3) T (K) tq (yr) tevo (Y1) Lqg (pc)
Giant H1I Region 100 10 10000 3.0x10Y7 1x10’” 5.8x107%
Planetary nebula 0.1 1x10* 10000 3.0x10*% 1x10* 5.8x1077
Superbubble 100 0.003 1000000 9.1 x 108 1x 108 3.3x 10!
Molecular cloud 1 1x 104 100 3.0x102 1x107 1.8x1073
Proplyd 3x107% 1x106 10000 2.7x10' 1x102 5.8x107°

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

» Assume turbulent eddies of velocity utyb and size Liurb

» For times greater than the turnover time t > liyrp/Uturb, the
turbulent diffusion coefficient saturates at

Dturb = Lturb Uturb

» But ugyp vVaries with scale:
. VE :
Kolmogorov: uw ~ £/, (Incompressible)

Shocks: utyrp ~ ltlérzb (Highly compressible)

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

Turbulent diffusion: dispersal vs mixing

Lt =7 Advedh s,

MSpecs sk
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Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: dispersal vs mixing

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

tmix ~ td,turb INP
> P is the Péclet number of the turbulence:
P = Dturb/D = LturbUturb/D > 1
» Similar to the Reynolds number:
Re = lturbUturb/V > 1

where v 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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http://puttingweirdthingsincoffee.com

Mixing processes Molecular and turbulent diffusion

Turbulent diffusion: numerical simulation

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

t =0Myr

t=126.6Myr
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Survival of metal-rich droplets in HII regions
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Survival of metal-rich droplets in H 1l regions Survival times

Survival time with no turbulence

Molecular diffusion
Assuming n ~10%cm~3 and T ~ 6000K for the O-rich droplets,

we obtain
L p)
tg~10%yr| —— | ,
d L (1015cm)

so droplets as small as 10 cm could survive for the entire
lifetime of a typical HII region.
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Survival of metal-rich droplets in H 1l regions Survival times

Survival time with turbulence

Turbulent mixing

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

(L= ~1O4 r _L 1z Lout 1/2( Uout )_1
e Y\ 105 em 108 cm 10km s—1 ’

so turbulent mixing is efficient on timescales much smaller
than the HII region lifetime.
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Survival of metal-rich droplets in HII regions Turbulence in H1l regions

Uniform magnetic medium 0-2 Myr

neutral e neutral e ally ionized o
Krumholz et al. (2007) Arthur et al. (2011)
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mhdcuts-B30krum-stitchup-nolabels.avi
Media File (video/avi)


Survival of metal-rich droplets in HII regions Turbulence in H1l regions

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

Upper panel
i
Diagonal field 7
field &
Out-of-plane field ® ®

Lower panel

neutral
neutral
ally ionized
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hsv-xtd-bbb-cuts-s80-2d501m.avi
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Survival of metal-rich droplets in HII regions Turbulence in H1l regions

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

Hao

William J. Henney (CRyA, UNAM) Is oxygen well-mixed where it is found? Tenerife 2012 24/33



rgb-NHO-s80-255-evo+350+350.avi
Media File (video/avi)


rgb-NHO-s80-255-evo+010+080.avi
Media File (video/avi)


rgb-NHO-s80-127m-evo+350+350.avi
Media File (video/avi)


rgb-NHO-s80-127m-evo+010+080.avi
Media File (video/avi)


Survival of metal-rich droplets in HII regions Turbulence in H1l 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
Ha
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kb512-combo.mp4
Media File (video/mp4)


Survival of metal-rich droplets in HII regions Turbulence in H1l regions

O star in a turbulent, magnetic medium

Arthur et al. (2011)

Upper panels
Ha

Lower panels

MIR Warm PAHs
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movie-Ostar-stitchup-nolabels.avi
Media File (video/avi)


Survival of metal-rich droplets in H 1l regions Turbulence in H1l regions

Is anywhere safe from turbulence?

Yes!
Simulations show that 10-30% of the [O11I] 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
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Solid body evaporation in planetary nebulae Metal release during the PN phase

Size and mass constraints

Destruction processes considered

» EUV photosputtering (stellar CSPN continuum)
» FUV photosputtering (Lyman a)

» Sputtering by ion impact

» 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

» The solid bodies must be meter-size or larger

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

» 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 My!

Comets No ...Mass of the Oort cloud < 10~> Mg, but we
need ~ 0.03 Mg,

Debris disks No ...Mass ~ 3 x 107 Mg but fora=10m we
need ~ 0.001 Mg
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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

» High luminosity — 103 to 10% Lg
» Unstable He- and H-burning shells - thermal pulses
» Strong mass loss — 10~/ Mg/year

» Duration ~ 10° years — much longer than PN phase

Could comets be pre-ablated?

» Photosphere is cool — only thermal sublimation

William J. Henney (CRyA, UNAM) Is oxygen well-mixed where it is found? Tenerife 2012

30/33



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

. . . but, what about the AGB phase?

Possible observational evidence

» H>O emission from C-rich AGB star
» 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?
» Late Heavy Bombardment

» 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

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
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Conclusions

Conclusions

H 1l regions

» Sub-milliparsec-sized, moderately metal-enriched droplets
are a possible alternative explanation for observed t? and
ADFs

» 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

» Solid body destruction during the PN phase cannot explain
posited abundance fluctuations in the ionized gas

» The mass of the comet reservoir is unrealistically high

» But, comet sublimation during the AGB phase could work
for stars with a comet population ten times more massive
than the Sun’s ...

» ...S0 long as mixing is inefficient
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