Envelope Convection
In Massive Stars
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Exciting times for Stellar Physics

= [ransient surveys unraveling
unpredicted variety of explosive
stellar deaths (e.g. PTE/ZTE, ASAS-
SN, Pan-STARRS and soon LSST).
We do not understand SN
progenitors

= We are entering the era of high
precision stellar physics (Kepler, K2,
GAIA, TESS, PLATO).
Theory is lagging behind

= Dawn of GW-Astronomy
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For a early MS 60Msyn Star
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[ron Convection Zone (FeCZ): Negligible in mass, but can be
the largest convective region in MS massive stars (in volume)



The Opacity: Iron Peak
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The Opacity: Iron Peak
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Different regimes in Radiation
Dominated Convection

Diff Rad Flux

Advection Flux -
(“convection”..)

a,T%c

T

Fair ~

Fadgy ~ QV.QwN&

Critical optical depth

T, = c/cq

Optical depth where
radiation diffusion timescale
= dynamical timescale




Radiation Dominated Convection

= Massive stars develop loosely bound
envelopes with inefficient convective
regions
e.g Joss etal 1973, Paxton et al. 2013
= [N 1D modeling:
Superadiabatic Convection
Density Inversions (e.g. Grafener et al. 2012)
Gas Pressure Inversions

Envelope Inflation (e.g. Sanyal et al. 2015,2017)




1D: Density Inversions, Envelope Inflation
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1D MLT: Large Uncertainties
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Massive Stars: HRD location, Stellar Radii, Stability, Surface

turbulence, MassLoss, Binary Population Synthesis (See e.g.
Belczynski+ 2014), BH-BH binary progenitors




Important questions

= Are the density inversions stable in 5D
calculation of radiation dominated
envelopes?’

« How energy i1s transported in radiation
dominated envelopes? MLT not applicable

= Envelope Inflation?
= Potential coupling to mass-1oss
= Surface manifestations




5D Radiation
Hydro Calculations




Simulations Setup Jiang et al. 2015

ATHENA with VET Radiation Module
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Initial Conditions

. Jiang et al. 2015
Guided from MESA 1D models
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Initial Conditions

. Jiang et al. 2015
Guided from MESA 1D models
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Pseudocolor
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The case with
Inefficient
convection
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STARTOP

Jiang et al. 2015

The case with inefficient convection
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STARTOP

Jiang et al. 2015

The case with inefficient convection

Porosity reduces
radiative acceleration,

but not enough to —

make it sub-Eddington
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The
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Porosity Factor

Density weighted
radiation acceleration

~ < bx.munma >
a, =
c<p>




3D ->1D



['he Porosity Factor:

Preliminary 1D implementation

= Use calibrated alpha MLT gy =04 -0.5

(using the advection flux

: T Larger in the presence
calculated in ATHENA) of B-fields (0.6-1.0)

= Include Porosity Factor dP..q kL 1

(Calibrated from dm cAnr: F
ATHENA calculations)
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In later evolutionary phases, things
might get even more interesting!
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Surface Manifestations



Observable Consequences of
Sub-Surface Convection?

Acoustic and gravity waves
Sub-surface convective zone

Buoyant magnetic flux tubes
Microturbulence / Macroturbulence —
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Macroturbulent broadening in OB stars
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Inefficient Convection
and Surface Velocity fields
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Observations? Spectroscopy
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Macroturbulence in magnetic OB stars

Velocity (km/s
H%O

-300 -200 -100 O 200 300
O H./\ #%5® ”_ TTTTTTTTT _ TTTTTTTTT _ TTTTTTTTT m rTr1r1rrrrT _ TTTTTTTTT _ TTTTTTTTT _H
1.0k . _ 1 non-

- HD 36861 1 magnetic
0.9F .
g - All broadening from macroturbulence :
= 08¢ AR - -
o - HD 191612 :
© | P=538d m
g 07 3
5 All broadening from Zeeman Splitting
= 0.6 Fwam))/ e _ \erh o W gAY
- NGC 1624~ m
0.5F .
QQA. ” 1 1 1 _ 1 1 1 _ 1 1 1 m_ 1 1 1 _ 1 1 1 _ 1 1 1 H

5806 5808 5810 @mwm 5814 5816 5818
» A sundgvist al. (2013)



Macroturbulence in magnetic OB stars
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Core IGWs or Sub-Surface Driving?
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Summary

[ron opacity peak 1s responsible for inefficient convective
regions close to the surface of massive stars

Density inversions observed in 1D codes are unstable in
3D

Porosity of density fluctuations reduce the effective
radiation acceleration, but density inversions can persist
N a ime-averaged sense

Realistic stellar structures require implementing the
porosity factor and calibrating MLT to the values
observed in the 3D calculations

Radiation pressure dominated envelopes have time
dependent, large amplitude oscillations. Could explain
observed velocity fields (surface turbulence)



What's Next

1.3D->1D To improve predictions of massive
star evolution

2. Effects of magnetic fields (Jiang et al. 2017)

3 Effects on line-driven winds (e.g. clumping)

4. Continuum driven winds / Eruptions?







