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Why you should care about gravity waves

Gravity waves are everywhere in astrophysics
- Stars, planets, disks, galaxy clusters

Gravity waves carry information
> Asteroseismology

Gravity waves carry energy and angular momentum
- Effect on evolution of stars, planets, moons



Gravity Waves are Ubiquitous

—— L™ e

Alvan et al. 2014
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Magnetoasteroseismology

Very little known
about magnetic
fields inside of stars
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Oscillations excited by convection,
with frequency near dynamical
frequency of stellar atmosphere:
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Stellar Structure

Red Giant
Intermediate-mass Star Convective

Low-mass Star

Radiative
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Wave Propagation in the Red Giants

e Dispersion relation:

Acoustic waves propagate
where w>N, w>L,
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Red Giant




3/9/2020

O g—1m

Slowly rotatlng
envelope T

195 20( 205 Less slowly 210

v (uHz) rotatin g core

Fig. 3. Zoom on the oscillation spectrum of the target KIC 10777816.
Difterent narrow filters centered in the £ = 1 mixed mode range, indi-
cated with difterent line styles, allow us to measure a local rotational
splitting 1n each filter. For clarity, only those filters centered on possible
multiplets have been represented.
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A class of red giants with
extremely low amplitude,

“suppressed” dipole modes

Mosser et al. 2011
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 The dipole suppressed
stars are common,
occurring in ~20% of red
glants

* The visibility of dipole
modes depends on the
evolutionary state of the 100 150
Star

Vinax (MHZ)

Stello, Cantiello, Fuller +
2016
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An idea develops...

In equilibrium: [/ R R
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Mode amplitudes can be
explained by wave energy
leakage Into the core

".3 —1
Sup 2
% P — [1 + T Aw] 100 150
‘norm Vinax (MHZ)
Stello, Cantiello, Fuller +
2016
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A (partial) solution emerges...

Evolution up RGB 4
—

‘Mode amplitudes can be
explained by wave energy
leakage Into the core

V2
"sup 72
P = |1+ T AvT
‘norm Vinex (MHZ)
: : Stello, Cantiello, Fuller +
Small correction required, 2016

see Mosser et al. 2016

3/9/2020 JIM FULLER



What causes wave dissipation in core?
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The Magnetic Greenhouse Effect

Magneto
Gravity

.-'-—-—'-

R RS PR PR PR Fuller & Cantiello +
TR IR SRS 2015
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Magnetic Forces

In the presence of strong B-fields, magnetic tension
forces can become comparable to buoyancy

*Modified dispersion relation for magneto-gravity waves

*Occurs when Alfven speed ~ gravity wave group velocity

3/9/2020 JIM FULLER



1.00
damping

driving upWﬂr dDWHWﬂI‘d
e i B IGWs 1. IGWs

height g

U.75¢

downward SM (cos) upward SM (cos)

i = | = § = § = | = | = | =g = |1 = - O =E I = | = @ = | = I = E

*

downward SM (sin) upward SM (sin)

turning
point [

entoft bae
heage

Zt

B P BN BN BN %+

turning

point 1 evanescent evanescent

damping

0.00

| - o Lecoanet, Vasil,
0 1 2 3 4 5 0 1 2 3 4 5 6 FU||€I’+2016

£ "5 JIM FULLER




[ III
1.1%'| —

"
| I 1 N T N Y = [ O Y A Y I

g "l*' Tt r‘l ),
- N + + + + o+ H + + + + + A
b t‘:i III | —
L || | _
(LR . i d —
E "J J‘ '-"jr' ||. i "'-f Iy .r-*.l A -al||IlaL.l'HI-|'}-.'-'I'Jﬂ'i'.:.‘uhrlll-' f’l‘r’?'lr&un” ol 1) ™ "

-0.2 0.0 0.2 0.4 0.6 0.f V /
A
v/ Av - (n, +€)

v A crit

Mosser et al. 2016 Loi 2020

3/9/2020 JIM FULLER



Log(g) (em s7™)
3.10

[—
o

CISuppressed

—
Co
Total star count

©
o

1.0 1.2 1.4 16 1.8 2.0
Mass (Mg)

o
I

O
0

Radiative core
Convective core
hydrogen burning

hydrogen burning

=
O
L
-+
Q
©
et
=i
—
L4n)
(-
]
o
Q{
)
i
QD
-
2
o,
=
ﬁlﬂ
Q
=]
O
0,
Y
(-]

v

©
o

Stello, Cantiello, Fuller +
3/9/2020 2016 JIM FULLER

Umex (sz)



Evidence for convective core dynamos

Kyle Augustson
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Implications

Magnetic stars identified by low
dipole mode visibility

Sun-like stars have weak

internal fields

 Radial field strengths less e oA L ops!
than ~103 G R, o

A lgllllllll
‘I‘I iy

Core-dynamo fields may be
common

« Magnetic white dwarfs

e Magnetars

Vinax (MHZ)

Magnetic fields may not always Stello,NC?ntieg%,llguller +
be explanation for depressed ature
modes (Mosser et al. 2016)
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The Spin of Stellar Cores

- Cores contract and spin up,
generating shear

- MHD Instabilities transport angular
momentum, slowing rotation of the
core

- Determines spins of compact
objects
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Fig. 3. Zoom on the oscillation spectrum of the target KIC 10777816.
Different narrow filters centered in the £ = 1 mixed mode range, indi-
cated with different line styles, allow us to measure a local rotational
splitting in each filter. For clarity, only those filters centered on possible
multiplets have been represented.
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MESA Model J-conservation Y% KIC8366239
MESA Model no TS Y% KIC5006817
MESA Model TS

MESA Model Surface period

MESA Model TSx100

Fit to Mosser+2012

Hydrodynamic instabilities
hopeless

MRI suppressed by stable
stratification

Tayler-Spruit dynamo ;
provides most AM transport, 15M,

but is suppressed by Vi =50 Jan 5
composition gradients

Cantiello et al. 2014
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Weak radial magnetic field wound
up by differential rotation

Toroidal field slips sideways,
regenerates radial field

According to Spruit 2002,
Instability creates net torque

Spruit 1999
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Rotation Profile
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Hydrogen Burning
Helium Burning
Carbon Burning

Oxygen Burning

AM of inner core

lost upon He core
contraction after
main seguence

Specific Angular Momentum (cm?s™1)
Rotation Period (s)

0.00 0.25 050 0.75 1.00 1.25 150 1.75 2.00
Time From Core Hydrogen Depletion (10° Years)
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He-core

mmmm= He-shell _

Time Until Core Collapse (10° yr
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Fuller & Ma 2019




Black holes detected
by LIGO appear to
rotate slowly

Binary scenarios with
tidal spin-up can
produce rapidly
rotating BHSs
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Postdictions

- White dwarfs rotate extremely slowly (~10-# breakup)

> Black holes and neutron stars rotate very slowly (~10-% breakup)

- Rapidly rotating magnetars and black holes mostly originate from
tidally spun up binaries
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Pre-SN outbursts
common In many
types of SNe

Occur In last ~years of
star’s life

Mass loss rates
enhanced by factors of
~103
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ection excites gravity waves

Movie made by
- Andrea Cristini
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Wave Power

Convection puts energy into waves at a rate
L wave MCOHL con

Where the convective Mach number Is

Ucon
M con — < 1

Csound

The convective velocity can be estimated from mixing length theory
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Late Stage Massive Stellar Evolution

During late burning stages, neutrinos cool core, causing burning
timescales to be short

td}?l’l << tl’lll{'i <K ttherm
Lnuc > L

Conseqguently, there are situations where

Lwave >> L k
Waves can transport energy to surface on timescale of ~ tdyn
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Huge energy fluxes during late burning phases

. L CONV -.-*"I'VI co
Lwave ~ a"Mcmw Lcnm' ~ 10& (ﬁ) ( 001"""’) L@

Table 1. Late stages of massive stellar evolution.

E’W’ﬂ.veﬁ ™ 1(]4 (—48 E‘I"g

St.agc Duration (“nuc) qusiﬂn {LG) ) Mach (-r“'Mcmw ) 7. (S)

Carbon ~ 103 yr ~ 100 ~ 0.003 ~ 1045
Neon ~ 1yr ~10° ~0.01 ~ 103
Oxygen — ~1yr ~ 1010 ~0.02 ~ 103
Silicon ~1d ~ 1012 ~0.05 ~ 102
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Run MESA models including the effects of
wave energy transport [*v2, 92 Olne,
( OlnT )p(—:y

At each time step, compute:

min

Wave generation by nuclear burning
convective zones In core

Wave propagation and fraction of energy
tunneling into the envelope
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Hydrogen-rich stars

*\Waves damp at base of H-
envelope

\Vave heat launches acoustic

pulse that nearly unbinds
surface layers

e Envelope density profile, SN
light curve are altered
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Problem: waves are non-linear
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Caveats

- Wave excitation very uncertain
- Amplitude, frequency, and wavenumber spectrum needs to be included

> Non-linear effects may damp wave energy In core

- Convective response to wave heating Is uncertain
- How fast can envelope convection accelerate in response to wave heating?
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Conclusions and Discussion

- Wave heating in may cause pre-SN outbursts
- Wave heating unlikely to lead to most luminous Type lIn Sne

- Wave heating Is good candidate to create:

> Flash-lonized SNe
> Type IlI-L SNe
- Type Ibn and transitional Ib/lin SNe

> Unlikely to substantially alter core structure (binding energy ~10°! erg)
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Thanks!
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