More on Thermohaline Mixing

We must understand it from first principles!
That means hydro simulations...
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Initial Model

e Thiswas a1l MSun Z=0.02 model
» He3was reduced by a factor of 2
o Cube was 250km x 250km x 250km

 Calculation volume is 500km x 500km X -
1000km

e This run has 150 x 150 x 300 = 6,750,000 =
6.75 million zones
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End Run 1
Cycle 35822
t=100 seconds
Pressure
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DB: Chi501148.ro0t

Cycle: 501148 Time:1.4e+009
Contour
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Run 26: XCHI-Cont.0134845
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XCHI-Cont.0136618

Run 31
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Run 32:



Run 34:

XCHI-Cont.0140429
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Run 34:

XCHI-Cont.0140429
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Run 34: XCHI-Cont.0140429




Run 63:

XCHI-Cont.0159944
|
II
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Run 74:

e Stored on Dec 6

DB: Chi2237192.root
Cycle: 2237192 Time:6 25e+009
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Secondary corners now starting to rise
also, just as in the low res cube

These ripples are now starting to
grow into fingers also. Again, like
the lo res and nipple/slab run.
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Run 97 Cycle 2970981 t = 8300s = 2 hours and 20 mins

: Chi2@70981.root
Cycle: 2970981 Time:8.3e+009

0.001067
0.001016
0.0009660
0.0009150
0.0008640
I -'0.0008130
—.0007620

.0007110
010006600
0.9006020

Max: 0.001118
Min: 0.0005585



DB: Chi2g70281.root
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A few slides to make a small movie ©
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DB: Chi30sl469. root
Cyecle: 3060452 Time:
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DB: Chi3758464.root
Cycle: 3758464 Time:1.05e+010
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Show Movies



It remains to relate this to a
1D diffusion co-efficient (!)



The fate of S-AGB stars

or

Why won't my code converge?




Work in Progress!
No answer yet!

e Herbert Lau

e Pilar Gil Pons

e Carolyn Doherty
e Me




Overview

/ Numerical problem?
Massive AGBs fail

to converge when

Menv about 2 Mo \
Physical problem?




Overview

Massive AGBs fail
to converge when
Menv about 2 Me

below BCE




Looking at the facts:
when does it happen?

e The divergence happens for different evolution codes
(EVOLV, MONSTAR)

e Can be delayed by increasing alpha (MLR)=>

increasing mixing efficiency (Herwig et al., Althaus et
al,...)



Looking at the facts:

when does it happen?
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Pg <0

e Code dies with negative gas pressure

e | and P are dependent variables

So values chosen by matrix solution
P..4 = 1/3aT* then known
P_..=P —Prad is known

gas
Then the e.o.s. tells us p

e S0 a Pg <0 error means P_, provides all of P
eicB<OandL>Lg,,
e See Wood and Faulkner 1986!!



Looking at the facts:
contribution P/Prd in the hydrostatic case

L —0

Radiative case: Convective case:
dI:)rad _ Ker dI:)rad _ KIOLr V
dP  47cGM, dP  4mcGM, V,
then: then:
I:)rad Zl—ﬂ% L I:)rad II—ﬂz ’L
P L g P =
47cGM V.,

. 47cGM b, Leqg =
with: L_, = <K> with: Edd <K> v




Looking at the facts

Conductivity radiation-to-convection

v VB2 _ § B p+Ap
(V Ve) - 9U(Vr V) P+/AP
- T+AT |

U - 3acT®  [8H,
Cppzkkfn go

U >> convection inefficient

U << convection efficient




We have very inefficient convection
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What pushes L > Ly 47

Reduce Lg44 by increasing <> 777




Hypothesis k-peak

e Petrovicetal (2006)

OPAL opacity tables display a peak due to presence of Fe,
Ni at T aprox. 250000 K

This peak causes huge inflation and departure of
hydrostatic equilibrium in WR stars

e Could this be our case?



Testing the k-peak hypothesis:
We do find the k-peak
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R/R_

Look at that radius! eels
| X J
2000 | j
Tk | Last 27 TPs 1
1000 - =
wold LTI T ]
3.309e+07 3.3095e+07 3.3 1e+07 3.3105e+07



Testing the k-peak hypothesis:

l 1 1 — 1 e We smoothed out
25| 1 s . the peak

e and the code keeps
converging!

e The starlosta
further 0.5 Msun

e Before it died
again!.

Ly ey |
0 le-07  2e-07  3e-07 0
rho




But there iIs another
opacity peak...
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And another!
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Hypothesis k-peak




Multiple k-peaks

We doubt the star can avoid its fate...

Deep envelope and low density mean a region of
increasing opacity
The high luminosity drives dramatic expansion
In our hydrostatic case its supersonic!

103 - 10* R per year!
What does a REAL star do?

We think the energy involved < binding energy of the
envelope

But it might drive periodic, enhanced mass-loss at
least?



We need to sort this out!
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The general picture
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Calculating PIES With
DIEHUIFY

Richardl Stanclifiie
David Dearhorn
Stuart IHeap
Simon; Camphell
John Lattanzio



PIE = Proton Ingestion Episode

Wihere convection mixes protons Intoe: a
[egien that IS muchihetter than nermeal
HRUMING

Dual Core Elash
Dual Shell Elash




Pual Cere Elash: Veny lew: Z

Off-centre igntion

Bt streng convection

MiIXing reaches H-rich envelope
Deesinot (7)happen at “nermal* Z



Dual Core Flash: Details

The mixing of protons downwards
Into high temperature regions
naturally causes very rapid H
burning.

— Hydrogen Flash!

The He flash is still ongoing
(hence name 'dual flash')

He burning products are mixed
upwards also.

» This material is later dredged up
Into the envelope, polluting the
surface.

» Fujimoto et al. (1990) suggested
that the excess C in the CEMPs
may come from these peculiar
surface pollution events.
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Neutron Super-burst!

Resulting abundances as function of time
(sampled at the location of the maximum of the neutron density)
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Dual Shell Flashes

Eor low: Z stars on the AGB
PIE can eecur

GO Convective
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PIES

EXPECt neuvitren preduction
EX[PECT S-PreCEessIng

Bt hew: te) calculate: the time-dependent
MIXING?

Mestly treat mixing Withr diffusion eguation

Mestly: tuse VLT for values ofi V.



Try to do Iin 3D using DJEHUTY

Paper just stlkhmitted o, ApJ

Puali shell flash
s M=1
x /Z=0.0001

He: shell flash convection reaches hottom
eff H-shell anad Ingests pretons



1D input moedel
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1D input moedel

Mass (M

)
0.6561 05582  0.6651
2 |

Radius (x 10? em)




The 3D calculation (2 millien zones)

DB: HeF0100000.root
Cycle: 0 Time:0

C12 Bottom of
e - H shell
- 0.60
He-rich intershell
DB: HeF0100000.root
Cycle: 0 Time:0
Cl2 i :
.—0.80
- 0.60
lo.4o
—0.20
A Top of
He shell

(x10™9 em)

z

-1.0 1.0

0.0
X (x10” 9 em)

0.0
X (X107 9 cm)



Luminesity: variation/increase!

le+09 ¢
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DenSIty (on a slice)

DR: HeFO1990000.root
Cyele: 990000 Time:2.06382

Density (g/em ™ 3)
— 5.e+04

-5.e+03 2.0

0.0
X (x10”9 em)

1.0




Tem pe ratu 'e (on a slice)

DB: HeFQO1990000. root
Cycle: 990000 Time:2.06382

-1.2¢+08 2.0
5. 1le+07

2.3e+07
1.0

1.0e+07

00
X (x10" 9 em)




Hyd rOgen (on a slice)

DB: HeFHi2370000.root
Cycle: 2370000 Time:2.6725

H1

. 1.0e-02

- 1.8e-04
3.2e-06 2.0
5.6e-08

1.0e-09
Max: 7.9e-01 1.0
Min: 0.0e+00

0.0
X (x107 9 cm)

t=2.7hrs



Hydrogen con asiice) t=2.7hrs

DB: HeFHi2370000.root
Cycle: 2370000 Time:2.6725

H1 3.0

1.0e-03
1.0e-04

—1.0e-05 2.0

ADownwafd plume

0.0 1.0 2.0 3.0
X (x10™9 cm)



SN and v (in plane): onasice) t=2.7hrs

DB: HeFHi2370000.root
Cycle: 2370000 Time:2.6725

e T W \ produced near the He shell
. : P

- 7.5e-05

I 5.0e-05 2.0
I 2.5e-05
0.0

Max: 0.00033 1.0
Min: 0.0

N

Velocity (km/s)
_200. -1.0

- 150.

100.

0.0
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0.0
X (x107 9 em)



Energy generation onasice t=2.71KS

DB:lHeFHi23'70000.r00t6

C : 2370000 Time:2.6725

H{nacleas) — — N produced near the He shell
(erg/g/s) 3.0

' 1.0e+12

—3.2e+09
2.0

1.0e+07

—3.2e+04

1.0
1.0e+02

0.0 1.0
X (x1079 em)



I variation (on a slice) t=2.7hrs

DB: HeFHi2370000.root
Cycle: 2370000 Time:2.6725

(T-<T>)/<T> 3.0

-_ 0.010

—0.0050

0.0

Very minor!

0.0
X (x1079 cm)




Comparisen to 1D: velocity profiles

1D model. x10
Upward flow
Downward flow
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Comparisen to; 1D: H profiles

1D model ———
Upward flow
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321D Theory (with Arnett et al)

0.01

0.0001

1e-06

1e-08

1e-10

1e-12

60+9¢

R/Rsun (cm)

2 stream Down ——+—
2 stream Up
Djehuty AvUp =
DJEhLIt'y" Av Down 8-
Diffusive '

Vary up and down velocity
In a 2-stream model...
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