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WHY 1D?

@@ STELLAR MODELS HAVE HISTORICALLY BEEN RESTRICTED TO
1D DUE TO COMPUTATIONAL COST. THE HYDRODYNAMICS
KNOWN TO EXIST IN STELLAR INTERIORS WERE HIGHLY
APPROXIMATED, E.G., CONVECTIVELY UNSTABLE REGIONS
WERE TREATED AS SIMPLY ADIABATIC. EACH MOMENT IN TIME
WAS TREATED AS TIME INDEPENDENT: IN HYDROSTATIC
EQUILIBRIUM. EVOLUTION WAS FOLLOWED BY CRUDELY
CONNECTING ONE MODEL TO THE NEXT BY ACCOUNTING FOR
NUCLEAR EVOLUTION.
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WHY 1D?

@ 2D AND 3D COMPUTATIONAL FLUID DYNAMICS (CFD) Is A
RELATIVELY NEW FIELD, DRIVEN BY THE EXPONENTIALLY
INCREASING AVAILABILITY OF COMPUTATIONAL RESOURCES
KNOWN AS MOORE’S LAW: THE BEGINNING OF EVERY
DECADE HAS ~16 TIMES THE COMPUTATIONAL CAPABILITY
AS THE BEGINNING OF THE LAST, AND 256 TIMES THE
CAPABILITY OF 20 YEARS AGO, 4096 TIMES THE
CAPABILITY OF 30 YEARS AGO, AND SO ON.

® TODAY’S COMPUTATIONAL RESOURCES ARE ~1.7 MILLION
TIMES MORE POWERFUL THAN MARTIN SCHWARZSCHILD’S
(SAY IN 1958).
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WHY 3D?

® THE DEVELOPMENT OF HYDRODYNAMIC INSTABILITIES
ARE INTRINSICALLY THREE DIMENSIONAL.

@ LACK OF KNOWLEDGE REGARDING THE MIXING RATES
ATTENDING THESE INSTABILITIES UNDERMINES OUR
ABILITY TO INTERPRET STELLAR ABUNDANCE DATA
AND DEVELOP A PREDICTIVE STELLAR MODEL.

@ INTERPRETING STELLAR ABUNDANCE DATA AND
DEVELOPING A PREDICTIVE STELLAR MODEL ARE
CAPABILITIES SOUGHT AFTER BY MANY
ASTROPHYSICISTS.
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WHY NOT 2D?

@ THE RESTRICTION OF SPATIAL DIMENSIONALITY TO 2
SIGNIFICANTLY MODIFIES THE DEVELOPMENT AND
CHARACTER OF INSTABILITIES, INCLUDING THEIR
TRANSPORT PROPERTIES.
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3D 2D
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WHY NOT 2D?

@ SOME HAVE ARGUED THAT 2D ALLOWS YOU TO
ACHIEVE HIGHER REYNOLD’S NUMBER FOR THE SAME
COMPUTATIONAL COST: THIS IS MISLEADING FOR TWO

REASONS.

|.) 2D and 3D turbulence are qualitatively different, e.g.,
Kolmogorov’s theory doesn’t apply to 2D turbulence.

2.) 3D is cheaper for the same number of degrees of freedom:
larger zone edge sizes — larger CFL time step.
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321D

@ EVEN GIVEN MOORE’S LAW WE CAN’T SIMULATED
STELLAR EVOLUTION ON A HYDRODYNAMIC
TIMESCALE.

@ THEREFORE WE NEED TO BE ABLE TO CAPTURE THE
CUMULATIVE IMPACT OF TURBULENT FLOW ON
STELLAR STRUCTURE, POSSIBLY AS AN ALGORITHM
TO BE USED IN A 1D STELLAR EVOLUTION CODE.

® FOLLOWING JOHN LATTANZIO (SP?) WE CALL THIS
321D, MEANING ‘“PROJECTING” 3D TO 1D. KEEPING
THIS GOAL IN MIND PROVIDES FOCUS FOR ANALYZING
3D FLOWS.
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321D

@ REYNOLD’S DECOMPOSITION (USING TIME & ANGLE
AVERAGE) PROVIDES A CLASSICAL FRAMEWORK FOR

321D.
p = o+

_ ;i _J S e(r,0, ¢, t)d2dt
<§ji i ;0“ (p(r)) T dod
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321D

@ FOR INSTANCE, CONSIDER THE ONE-POINT
CORRELATION TENSOR.

Uply  Uplly  Uplg
R=u®u= UgUyr  UGUY  UHUg
UpUyr UpUH UpUg

Friday, August 13, 2010



321D

@ FOR INSTANCE, CONSIDER THE ONE-POINT
CORRELATION TENSOR.

R=u®u

O (pR) + V - (pRup) = =V - (pRu’) + (Pr) + 2(p'S) + (G) + (V) + (H)
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321D

@ THE CURRENT APPROACH.

Pressure
gravity s 67”
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321D

@ THE CURRENT APPROACH.
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And a variety of processes have been identified and mixing efficiencies

have been formulated within this framework:
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From Heger, Langer, Woosley (2000)

Friday, August 13, 2010



3D STELLAR MODELS

SOME EXAMPLES OF STELLAR ASTROPHYSICS
IMPACTED BY STELLAR MIXING

1. TRANS-FE ELEMENT PRODUCTION BY THE S-
PROCESS (SLOW NEUTRON CAPTURE
NUCLEOSYNTHESIS) IN DOUBLE SHELL BURNING

GIANTS

2. CORE COLLAPSE SUPERNOVA AND GAMMA RAY
BURST PROGENITOR STRUCTURES

3. PRE-IGNITION CONVECTION IN TYPE IA
PROGENITORS
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3D STELLAR MODELS

A NUMERICAL LABORATORY
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3D STELLAR MODELS

A NUMERICAL LABORATORY

Sulfur-32 [mass fractionl, 3D Wedge
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3D STELLAR MODELS

A NUMERICAL LABORATORY

Internal Waves —

Convective Boundary —)
Adjustment

Nuclear “Flame” e
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3D STELLAR MODELS

A NUMERICAL LABORATORY

Model: ob.3d.B Time = 5 sec
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Friday, August 13, 2010



3D STELLAR MODELS

INTERNAL WAVE PHYSICS
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3D STELLAR MODELS

INTERNAL WAVE PHYSICS

Horizontal Velocity
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3D STELLAR MODELS

MULTIPLE SHELL INTERACTIONS

CONVECTION DURING LAST HOUR

BEFORE CORE COLLAPSE f f f ﬁ—J
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3D STELLAR MODELS

MULTIPLE SHELL INTERACTIONS

Model: si.2d.a Time = 345 sec -
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3D STELLAR MODELS

BOUNDARY LAYER MASS ENTRAINMENT

Sulfur-32 [mass fractionl], 3D Wedge
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3D STELLAR MODELS

BOUNDARY LAYER MASS ENTRAINMENT
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3D STELLAR MODELS

CONCLUSIONS

% While I discussed primarily my own work, several other groups are
investigating the interiors of stars in 3D. These include:

1. COLORADO GROUP - ASH CODE:
SOLAR MODELS, INTERNAL ROTATION, DYNAMO

2. STONY BROOK & LBNL - MAESTRO CODE:
PRE-IGNITION CONVECTION IN CO WD

3. MUNICH - MOCAK & MULLER - PPM CODE:
CORE HE AND C FLASH

4. HERWIG & WOODWARD ET AL. - PPM CODE:
HE SHELL FLASH CONVECTION
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3D STELLAR MODELS

CONCLUSIONS

% Stellar evolution is a crucial input to many areas of astrophysical research.

% Our current best models suffer severe deficiencies in treating turbulent
transport and mixing which dominate uncertainties in most cases (together with
mass loss).

% Numerical simulations of turbulent flows and related interdisciplinary
studies (e.g., geophysical) are beginning to provide ever deeper insight into how
to improve this situation and lead to discoveries.

% While there is still significant work ahead, the future looks bright for moving
beyond back of the envelope, mixing-length style treatments of stellar
evolution.

% Precision observational data is arriving just in time to begin testing our
increasingly more sophisticated modeling of stellar interiors, e.g., wide
eclipsing binary data and astero-seismic data.
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