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a) C, Ne, O, and Si core and shell b) Core collapse and shock revival
burning (years to hours) (hundreds of milliseconds)
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Proto-neutron star (PNS) phase
(betore explosion):

Duration: ox-1s

PNS massgrows: osM, — 12-2M,
PNSshrinks: 30km — 10km

PNS cools down

Convection, SASI

Reviews:
Janka, Melson, and Summa, Ann. Rev. Nucl. Part. Sci. 66 341 (2016)
Mueller, Liv. Rev. Comp. Astr. 6:3 (2020)
Mezzacappa, Endeve, Messer, and Bruenn, Liv. Rev. Comp. Astr. 6:4 (2020)

Burrows and Vartanyan, Nature 589, 29 (2021)
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Proto-neutron star (PNS) phase
(betore explosion):

e Duration: oa-1s

o PNSmassgrows: osM, — 12-2M,
e PNSshrinks: 30km — 1okm

e PNS coolsdown

Convection, SASI

Reviews:
Janka, Melson, and Summa, Ann. Rev. Nucl. Part. Sci. 66 341 (2016)
Mueller, Liv. Rev. Comp. Astr. 6:3 (2020)

Mezzacappa, Endeve, Messer, and Bruenn, Liv. Rev. Comp. Astr. 6:4 (2020)

MAIN MECHANISM OF GW EMISSIOMNII  Burrows and Vartanyan, Nature 589, 29 (2021
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BU'l ... there is more!

Powell et al. (;20;21) Kawahara et al. (;2.012)

SFHx h «, Spectrogram, window = 0.0502 [s]
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Asteroseismology
Recipe

See Murph IE talk:

ewtontan analysis!
® [ .incar perturbation equations of a star in hydrostatic equilibrium

® (General Relativistic Hydrodynamic Equations
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Iigenvalue Problem

'1'he system of equations: o: eigenfrequencies

n: perturbed variables matrix

A, B: coetlicient matrices

+ Rankine - Hugoniot Boundary Conditions at the shock

¥ Spectral methods
X



Spectral Methods

2 Chebyshev collocation method

2 Differen
2 Mul
D

D

tiation matrix

INts

# of po
Sx(MN +1) matr

N

9

# of domains

\Y|

2

in M\

dl

ti-dom

1CCS

10NS

d system of S equati

1SE

1

1SCI'C

o DA S Da Tl ol & S NI TIATE I

MRl S oy o Do T AN ST R 2o @A a0 Bt e e ST A AT

%Mﬁl)ﬁm.lﬁla‘v:!vuw = RVE WS T
. &7 EY 2 .

SR
- >

NPT YT O O T e




(Cases of study

. p- and g-modes in a sphere

> ldeal fluid with ESRvEERer

> Buoyant region

> Varying Brunt-Vaisili freq

2. Plane Wavesinan 1D flow
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Casce I: Kigenfunctions




Case |: Convergence
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Case |: Convergence

aANna LgticaL solutions
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Case |: Convergence

F exponential
L convergence!

aANna LgticaL solutions

-------- : bbbt JLLL LI e Ceeespecaaacaahanay — I
p1 (9.10) p7 (28.17)
P2 (12.32) ps (31.32)
p3 (15.51) Po (34.47) .
Ps (18.69) Spectral Methods;

ps (21.85)  ~~ GREAT

100 150 200 250
total number of points




Case 11I: Plane Waves

Newtonlan
a waLgsLs
Accretlon
lwterior Shoclk EK’CCVLOV

No perturbations

D, P, cz, I'y — constant

Uint = constant




Casc 11: Eigenfrequencies

Constant v (analytical)
~ Constant v

* Analytical and numerical solutions * Frequencies have part
* with * modes
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Casc 11: Eigenfrequencies

Constant v (analytical)
~ Constant v

Effect of

advection! -

* Analytical and numerical solutions * Frequencies have part
* with * modes
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Case 111: Eigenfrequencies UNSTABLE

Colowyr scale:
Lnterior \/eLothg




Implementing PINN's
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PINNs 1

2 Static sphere of radius unity, density and sound speed

2
PN =0

Analytical solutions




PINNs 11

ELoenfunctions of the 5th mode

—— Analytical
=103
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wnfer properties of the PNS directly from qw observations ;

N, .
' 4 - 2 = 5 4 . g 5 & & X s . 5 5 & - Ty ; . 5 ? - 3 = & 5 & 2 2 SRR ey & . 5 : L 2 2 TR .
o Lol ‘ b . - - - . 7 & = N 5 N - vV R . -, S - - = 3 < - v R . -, - - R . - K WS TN .~ - S 4rer] v R . . = o o S = = L 2 >. LA - . B &, - 8 =
° N - - - S By 0 2 ] - - -~ . IS S By ¢ = . - - D . . ° N S - - . - ~ * -~ - = . = S Sy . S = ~ ) -~ - .

- < A o = - = - - A 2

- - . v z N S el T = © - N . -> L. o © .~ >N ¢ e o 5 N . -> - > ¢ = © o - . - B . - a . ~ - s 8 o . b)) S € o o . . . - . s < o . B
5 > - <4 - 4 o S > - - - s s - - A C o 0 - L 2 - @ - . == o < = - . ] 3 gm . L g - - . = - o e - X  J ~ S L R, = - <~ . S - -

A~ B, O P o @b e o 2 2y *o o A e SRS 92l S@R e o i Ve Baec e ot B o T I T VN OC PATRY T PR WO O v s o Q™ e S Do TP o UBEs 9ol SaL oo s N Bt e a S e BN a 2w Gl 9oL S e




P Thank you for §
our attention! 4




System of equations
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2 Non-rotating spherically symmetric star
2 In equilibrium
2 But static



2 Adiabatic perturbations '




Rankine-Hugoniot conditions

Geweral Relativistie

Standing Accretion
shock

Exterlor:
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. Iinsure continuity of mass and conservation of energy-momentum fluxes |



Case |: p- & g-modes
> Ideal fluid with and

> Buoyant region

C\{2

> Varying Brunt-Vaisili frequency B
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Case 111: Advection

NS1 sz 0
Sound speed, pressure, density —

constant

[Lapse —¥ general

Velocity < o and subsonic
Background shock quantities

--=- interior
—— exterior
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Physics Informed Neural Networks

———————————————————————————————————————

___________________________

» Grid free

LD Fast to code

{>  Easy implementation of

' initial & boundary

, conditions

. B A | | > Flexible to add extra features
--------------------------- > Error control

Residual

__________________________________________
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