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Sub-Surface Convection Zones in HRD
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Cantiello & Braithwaite 2019

“Sub-surface” is very close to
the surface. Maybe too close ...

Sub-surface convection zones

ubiquitous in massive stars
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Causes of Sub-Surface Convection Zones

Cantiello & Braithwaite 2019

0.7

10.6

+ Opacity

P J
WE—— : ad
L

85 5.0

Need L ~ Lgy,to
excite convection

M 2 10M,) Schultz 3

Partial ionization reduces V 4



Convection Excited by Opacity Peaks
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With sufficient Eddington ratio
« Convection excited
* Density inversions form
» Gas pressure inversions can form

MLT++ was designed to reduce/
eliminate density inversions

Jiang+ 2015

Plane parallel
RHD

Density Inversions in 1D Models
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Started 3D exploration using Athena++

Jiang+ 2017
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Jiang+ 2018
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Convective Efficiency 7y

From V
. V_Veddy V_dlnT
/= Veddy — Vad B dInP
y > 1 convection is efficient y < 1 convection is inefficient

In optically thick limit

F N (Prad + Pgas)vc C P d

conv ra

Ty =
F rad Pra d <£> - Ve (P rad T P gas)

}/N

T

If convectionoccursatr <«

C

v €xpect inefficiencies due to radiative losses

For massive stars, r_.. ~ 10° — 10*
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Across the High L sHRD
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3D Rad-Hydro Modeling using Athena++
Modeling Method

* Initializing Models
» Use MESAtoget 1, p, L, M.

» Take T, p at iron opacity peak, integrate to find radiative
only model

» Use radiative solution as initial condition and integrate 3D
model with L, M. from MESA
Jiang+ 2012

 Solve full time-dependent radiation transport equation  pavis+ 2012

. . . Jiang+ 2021
implicitly See Jiang+ 2021

» Using ~100 angles per cell
» Calculates specific intensity — 7.4, E\.45 Frag

» Our models are mostly in LTE

* Dimensionless fluid numbers (e.g. Re, Pe)
not explicitly specified
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Checking Assumption/Limitations

 Constant u
 Good for FeC/Z, less so at surface/HeCZ

 Gravitational acceleration « r2
M, /M. <02%

star

» Solar Metallicity

 Also running lower metallicity models
» Gray OPAL opacity

» Good in optically thick

* LDl is important in optically thin region
* No magnetic field

 FeCZ damped in high B field
* Requires >10kG field in CZ

* No rotation

 Rotation period > eddy turnover time in FeCZ
* (~3 days > ~1 hour for 35 M mid-MS)
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Two Classes of 3D Models
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Global Models
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. ..................... .
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Jiang+ 2018 Table 1: Properties of the 3D Stellar Models
Name M ore Menv chf L LEdd ! Thase Tmax Tph TFe TFe Z
(M) (Mg) (10°K) (log(L/Lg)) (log(L/Le)) (Re) (Re) (Re) (Ro) (Zo)
TIL6.2 o6 0.13 9 6.20 6.26 30.0  809.8 353.3 80.3 28,000 1
T19L6.4 80 0.011 19 6.40 6.42 16.3 3355 99.0 44.0 5,400 1
l For an assumed electron scattering opacity. Modified from
2 The photosphere radii specified are where (T(rpn)) = 1. Schultz+ 2020
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T19L6.4
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T19L6.4: Optical Depth Profile
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T19L6.4: Spatial Variability
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Correlations Impact VP,
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Y in T19L6 4 and T9L6.2

1.2 !

i _ T T 1 ]

a V 1 Vi -

- o | @| i

L= 51 S| ¢/

I N\ Lall B -

- \\ l |'l ]

- \ [ 1 -

0.4 _ From Mean \ I 1 h

b == Fit N -

[ == My = 500 \\l ’ ]

0'2__——./\/[\1/:3500 :~\4 -

i 90 % Confidence Interval | [ -

0.0 ' ' | L ]
. 102 10° 10% 104 Modified from

Schultz+ 2020

My

My = f(L,T,r)is analogous to radius | |
See Owocki & Sundqvist 2018

. - . . d ref there-i
* Porosity is important near the surface of massive stars a?oriisﬁsr;?;og;ﬁy'”

 Decreased pressure support counteracted by turbulent pressure
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Box Models

Schultz+ in press
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Top Model Spatlal Variability
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O Star Turbulent Surface Velocities
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* VVelocities not confined sub-surface convection zone in 3D
* Convective fluxes carry small amount of energy
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TESS Characterizations of Massive Stars

TESS photometry
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Stochastic Low-Frequency Variability: 3 possible causes

. e.g. Aerts+ 2009, Simon-Dias & Herrero 2010, 2014, 2017,
1. Internal gravity waves Edelmann+ 2019, Bowman-+ 2020

2 Near SuUu rface Convective zones e.g. Lecoanet & Quataert 2013, Grassitelli+ 2015,

Cantiello+ 2021, Schultz + in press

~Wind interaction e.g. Moffat+ 2008, David-Uraz+ 2017, Aerts+ 2018,
3 d eractions Simon-Diaz+ 2018, Krticka & Feldmeier 2018,
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Stochastic Low-Frequency Varlablllty
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Brief Resolution Study

T35L5.2 Lower Resolution Smaller Box

v,.¢ Characteristics
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Model Cross-Sections
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Main Takeaways
e Porosity/clumping is important at the surface of massive stars

e Turbulent motion from near-surface CZs persists to the surface
of massive stars at |v_ ;| ~ 100kms™!

Sur

e Near-surface CZs can induce SLFV resembling recent TESS
observations

Future Outlook

e More models running

» Mid-MS 35 M with lower metallicity

» 13M_TAMS model Thank yout!
e |nvestigate line effects in opacity

e How would turbulent pressure affect 1D model evolution?
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Backup
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Choosing Model Independent Variable

For radiation pressure dominated system, we chose
F = (E.) v,

¢, Rad dominant

We then choose the velocity needed for this flux to carry the entire luminosity

L v or L L
=Ev v = =
4rr? L YT 4nr2E. Anr2aT*

Dividing by the isothermal gas sound speed, we arrive at a pseudo-Mach number

W L (ump>“2
Ty 4rr2aT*+(r) \ kg

pm,

My(r) =
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Are There Correlations?
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Are There Correlations?
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Correlations
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Turbulent pressure in grad
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Global Models Shed Light on Turbulent Convection

Turbulence reduces radiation

oressure gradient Two types of turbulence

MLT-like failed wind-like
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