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Core-Collapse Supernovae
°

The collapse and the stalled shock

Massive stars end-of- ® Collapse: 103km— 10%km
life (8 to 40 Mp) :

Massive star 15 Mg,

® Shock wave created — stationnary

® Shock revival: Instabilities
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Instabilities
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Standing Accretion Shock Instability (SASI) and
Neutrino-driven convection

SASI Neutrino-driven convection

lFree falling matter lFree falling matter

\

Entropy/Vorticity perturbations

PNS +
Neutrinosphere

Ne— /' Proto-Neutron
Star (PNS) +
Neutrinosphere

~L “,

z [107 ¢m] z [107 em]

Foglizzo+2006
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Instabilities
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Expected observations

_ Gravitational waves
Neutrinos (27 Mg,) (15 Mg, 10kpc)

4000fIceCube

Kuroda+2016

Anne-Cécile Buellet, Thierry Foglizzo and Jérédme Guilet CEA/AIM
5 /20

tability in core-collapse supernovae



Instabilities
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e Which instability occurs during the stationary phase?
e Which instability dominates?
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Instabilities
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The necessity of analytic criteria

A large parameter space:

Heating function: Progenitor mass:
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Vartanyan+2021
Couch & O’'Connor 2014
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Instabilities
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A simplified model to understand the neutrino driven convection

Methods A planar toy model

Zhock 5 \L G

Physical hypothesis

O o

Comparison to toy models
(Planar/Spherical)

o
N

Zoyp, OIS

/Q

(

Analytically Numerically
Foglizzo+2006
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Instabilities
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The stability criterion for convection

. H
Physical hypothesis: The system is stable when — < N1

vi

ZSDC
hock \LG
H [eaitir 3

[v]’ H

® Tadv =

(&3
-
® Thuoy = % (N, the , @
Brunt-V3isila frequency) gain - === nink inb="nink -
C

e H, the length scale

(Foglizzo+2006, Ott+2013, Nakamura+2014, Takiwaki+2014, Glas+2019)
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Instabilities
00000000

The stability criterion for convection

Stability criterion : X ¢t = _7_T:dv ~3
uoy
6
X Xcrit
5
_ H
* T = v 4 Unstable
[ ] 1 (N h >‘<
Thuoy = N+ , the 3
Brunt-Viisild frequency) Stible l
2
e H, the length scale Always stable

1072 107! 10° 10!
Hky
(Foglizzo+2006, Ott+2013, Nakamura+2014, Takiwaki+2014, Glas+2019)
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Instabilities
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Intuitive counter-example

~1 AS

X = 7 g x2 o VH
Y H v
i1

® 2 incompressible fluids

o . incompressible
and density discontinuity: P

w? = —Ackeg with 0—— x interface (heating)
_ Pd—Pu . -
E patpu incompressible
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Instabilities
000000080

Definition problem

Tad -1 AS
Stability criterion: X = v — v g X%
Thuoy Y H
N

e Advection timescale 7,4, defined over which
region?

® Buoyancy time 7p,0, defined at which altitude
and which horizontal wavelength?
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Instabilities
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Length scales

Stability criterion : X ¢rit = Tadv 3

Thuoy
6
H —— HS=2, Xerit = 2.588, ky = 1.047
® Ty = v HS=1.5, Yerie = 2.551, ky = 1.047
5. —— HS=1.0, et = 2.397, k = 1.084
—— HS=0.5, Yene = 1.528, ky = 1.047

X Xerit

1
Thuoy = N

® Hg, length scale of the
non-zero gravity g

e H,, entropy length scale

o2 107! 10° 10!
Hoks
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Instabilities
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Length scales

Stability criterion : X ¢rit = Tadv ., 3

Thuoy
6
H —— Hs=2, Xeric = 2.588, ky = 1.047
® Ty = 7|v| —— Hs=15, Xcie = 2.551, kx = 1.047
5. — Hs=1.0, Xt = 2.397, ky = 1.084 /
—— Hs=0.5, Xerit = 1.528, ke = 1.047 /
1 Xerit
[ ] ——
Thuoy = N
[ ]

Hg, length scale of the
non-zero gravity g

Hs, entropy length scale

oz 1071 10° 10t
Hagks

Need to define a more global new criterion
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Stability of convection
®0000

Timescale definition

. . o H H
Advection timescale definition: 7.4, = — —pert.

| | V| v|
Hpert, vertical extension of perturbations
. . 1
(incompressible case : Hperr = k—)
X
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Stability of convection
®0000

Timescale definition

. . - H H ert
Advection timescale definition: 7,4, = m o |p | '
"4 |4
Hpert, vertical extension of perturbations
1
)

(incompressible case : Hperr = P
X

. - 1
Buoyancy timescale definition: 7pye, = — —

|~

Small wavelength, large k, — Valid for all k,

Anne-Cécile Buellet, Thierry Foglizzo and Jéréme Guilet CEA/AIM

Convective instability in core-collapse supernovae 13 / 20



Stability of convection
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New criterion, analytical approach

Physical hypothesis: z Density stratification scale

e Adiabatic perturbations 0y
P H, = g compressible isotherm

® The system is stable when

H interface ~ Hs
pert. <, -1

~

|v] incompressible
w, hydrostatic growth rate
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Stability of convection
©0®00

New criterion, analytical expectations

Several length scales :
® Hs, the size of the most buoyant region
2
° H,= %s, the density scale-height
® Hg, the size of the gain region

v
Vmax
1 : .
J— Stabl .
G able Analytical expect:ltlon.
Xerit X 4/ ﬁ:
O(k.r Unstable 1
kx,crit X ﬁ
P
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Stability of convection
[eleTe] Yo)

Length scales, numerical approach

Hs=0.5, Xerir = 1.528, ky = 1.047
Xerit
4
, Hs
N y .
crit X
] ) X H,
2 //
o 107! 10° 10*
Haky No shock, Mup=0.3 A
Shock, Mup=0.3 y
e
0 r
10 Unstable g
=
: 5
Numerical result: >
= Stable
|~
1071
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Stability of convection
[eleTe] Yo)

Length scales, numerical approach

Hs=2, Xerit = 2.588, ky = 1.047
Hs=1.5, Xerit = 2.551, k, 047
5 Hs=1.0, Yer = 2.397, k, 084
Hs=0.5, Xerr = 1.528, ky = 1.047
Xerit
. Myp=0.3
~ y/a ——Shock, diss, Hrho var, Hs =1.0 (457 431 K
3 / Shock, diss, Hrho var, Hs =0.5 (1336 - 1049) K
——Shock, diss, Hrho var, Hs =0.1 (o737 s.075) s
——Shock, diss, Hrho var, Hs =0.01 (1,378 - 22.2) '[XX
2 x Shock, diss, Hs var. o
10°
o2 107" 10° 10"
Hoks
=
P
S
Numerical result:
1074 -

1072 1071 10°
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Stability of convection
[eleTe] Yo)

Length scales, numerical approach

Hs=2, Xerit = 2.588, ky = 1.047
Hs=1.5, Xerr = 2.551, ke = 1.047
5 Hs=1.0, Xent = 2.397,
Hs=0.5, Xer = 1.528, ke = 1.047
Xerit

y Ky crit independent of Hs

10t
o2 1671 10° 100
Haky

No shock, Mup=0.3
Strong shock, Mup=0.3

Numerical result:

H, gkx, crit

107!

1073 10

-2 107! 10°
Hs/Hy
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Stability of convection
ooooe

The new definition of the threshold

. Zsh |\
Old definition: xos = / |(Z|) ,
v
Zgain z
-1
with N2 = ’YTgVS, the Brunt-Vaisila frequency.

zgain+Hpert. dz
New definition: ¢ = w/ —

Zgain ‘VZ‘
with w the hydrostatic growth rate of the instability and Hpert,
vertical extension of perturbations.
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Spherical case
°0

The convective instability in the supernova case

ié 0.4
g 02 e
C 00 — =2
c — 1=3
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o -0.4 =6
— =1
— =2
— =3
— =4
— 1=5
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0 3 6 9 12

Yamasaki & Yamada 2006, Fernandez+2014
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Spherical case
oe

Constraints on Y

® it increases with the
3203 03 o4 o5 06 07 shock radius and the

R+/Rsn(Aneat = 0) . . .
30 adiabatic index

3 ® Xcrit decreases with the

dissociation

3.7
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Conclusion & prospects
.

Conclusion

Study of y

Definition of a new criterion v, more global

Validation of this criterion in the planar case

Small variation of ¢ in the SN case: Xt € [3, 4]

Standing Accretion Shock Instability (SASI) dominates for
small heating rates

Next steps:
e Validation of the criterion 1) in the spherical case

® |nfluence of the rotation
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