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Instabilities during the phase of stalled accretion shock
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SASI: Standing Accretion Shock Instability
(Blondin+03)

- advective-acoustic cycle
- oscillatory, large angular scale 1=1,2



SASI oscillations can leave a direct imprint
on the gravitational wave and neutrino signals: reverse engineering?
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Can gravitational wave and neutrino signatures disentangle so many processes ?



Additional instabilities induced by moderate rotation: uncertain mechanism(s)

-low T/|W/| instability?
(Shibata+02, Watts+05, Passamonti & Andersson 15, Takiwaki+21, Bugli+23)
« corotation radius
« vorticity gradient? mid-latitude Rossby waves?

-spiral mode of SASI?

(Blondin & Mezzacappa 07, Yamasaki & Foglizzo 08, Blondin+17, Walk+23)
+ rotation-enhanced advective-acoustic cycle?

* why such as strong impact of rotation on the prograde SASI| mode?

10

sh

wr /v |
sh

0.11

g

no rotation
y=4/3,L=0 | P— o
m=1 r r
—0)) )
e i i

rowth rate

(r -r )r

sh ns" ns

100

shock radius

owr /vl

10

I velocity

MM
N
R AN

AAAAAAANA;
AW

4
4444
[y 14444q

P AR R

Saijo & Yoshida 06

with rotation 30% Keplerian

sh

sh

g

//_,:_\’_\

r

y=4/3, L=0.3L

owth rate

gcHAeM

spherical cylindrical

0.1
1

10 100
(r -r )r

sh ns" ns

shock radius

unexpected for an advective-acoustic mechanism??



Dynamics of water Dynamics of the gas
in the fountain in the supernova core

diameter 40cm €———— 1000 000 x bigger s diameter 400km
3s/oscillation €= 100 x faster 3 0.03s/oscillation
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Expérience hydraulique Simulation numérique de l'expérience hydraulique Simulation numérique de l'onde de choc
dans le coeur de la supernova

SASI dynamics seems to be adiabatic




Adiabatic approximation
inspired by the shallow water experiment

Stellar SASI: Adiabatic approximation:

» linear conservation of entropy 6S

* non adiabatic cooling/heating (v-processes)
and baroclinic vorticity oK

i — AcoolpB B apa

« 4% order differential system « 2" order differential system

v
owy = r(V xow), X = et
2
SK = rvdwy +1(1+1)=68
N
L - 0 AT w? p? 0 now
- . 00 _— — — —_—
2=l )8 @ l\ax ") T N
e
+6 (E) , (B1) perturbed
%% e 3(14/\4_2) (‘:—jéf—MQ(Sh—rSS) O specific perturbed
@ < -~ rS) angular vorticity
+ 85 (B2) ~a § i~ momentum
%S—TS B %JSM(Z%), (B3) “?\.Q-v L =rxodv ow =V xiv
PBK iﬂ(sK+1(l+1)(5(£> (B4) ‘
_ or v ( )

« acoustic oscillator
forced by the advection of vorticity
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----- cooling
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—>general trends are captured
by the adiabatic approximation

—>the physical mechanism of SASI
is approximately adiabatic
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Analytical estimate of the SASI growth rate and frequency
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—>integral equation defining the eigenfrequencies
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Physical insight on the impact of rotation on SASI

—>adiabatic approximation
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Modest rotation: differential rotation Q ~ L/r2 at small radius
increases the radial wavelength L ~2nv/(o—mL/r?)
of advected perturbations

- increases the match between the acoustic oscillator
and the advected forcing = "un-mixing" of the phase

Strong rotation: corotation radius r., where »'=0

stationary phase approximation

sh aYy 1 I %drﬂ

1;‘1—’ Sh 8}/2) e_wiTadv(r) —q r—7"co 2 dT‘
e ~ @ "¢ e
L Or M2

™

Tsh ns or M? Tsh
Weo 1 iz <3Y0) e~ WiTadv Ar

~ e Temr2e 4 5
or co MCO T'sh

—>spiral SASI is produced by an advective-acoustic cycle
with an extended coupling in the corotation region

—>analytic approximation
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Why is the prograde mode destabilized by rotation ?

L=27/k, : radial wavelength of advected perturbations ¢~ iwt+i(krr+me)

At low frequency, the radial scale of the pressure field is large ~ rg,-rng
Its forcing by advected perturbations is inefficient where i, << rg-rpg
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A, is uniform )\, decreases downward
—>phase mixing at small radius
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Turbulent stabilization and rotational destabilization ?
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without rotation,
turbulent SASI @ 100L/s
is more stable than
laminar SASI @1L/s

A small amount
of rotation
is sufficient
to destabilize

. ' t ( as observed in 3D numerical models
’ by Blondin & Mezzacappa (2006)



Impact of viscosity v and thermal diffusivity « on SASI?

2
7:Vv=2vp [%(ajvi + Oiv;) — %(V : /U)(Sij:|

0
LrVe(p) = 0, w o
) 5
ov \V4 1
— + (- V)v+Ved = _ P Ly Vv + =V(V-v)| ™ ; <~
ot P 3 oy
2 2 ."'x‘-‘/\/\/\r
0S v V<c 1 S
— +(®-V)S = >— + =7 : V. ‘
ot v—1 ¢ P
SAST 27 [Vsh| pSAst ) [vsnl
" Tsh ’ T'sh
in a plane parallel uniform flow:
1 adv 2
WY = —vkZ,|  vorticity perturbations can be damped by viscosity S &gi - _47; o
WSAST o v "'sh
with  kLay ~ |; T~
e > ) ) it ar|
w; ' = —kKk 4, entropy perturbations can be damped by thermal diffusivity 2 [ox r2
ac 2 Y 1 k2 . Iswz?c - _2 Zﬂ'r./\/lzll
- §”+ o ) Fac perturbations can be damped by oy~ "3 2 |

SASI
W, 277Msh _— e = == == =
~Y

1
Csh T'sh ~ —

with kac ~




perturbative calculation

Impact of viscosity v and thermal diffusivity « on SASI?
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as expected if SASI mechanism is governed
by the advection of vorticity perturbations

dw;
v ~ — 472

Wi T'sh ‘Ush |

stabilization by numerical viscosity

1 —
Vnum ™~ ( SCFL> vAr

Tsh — Tns

ow; _471'2 (I—CCFL)

w N, 9

(Swi

pns

30
5o ()

T'sh

(Ccr~0.4)

104: " " —— } ; —
] =v-damping = -==-- advective (v or x)-damping down to r
| _-I bulk Contrlbutlon | ----- acoustlc V_damplng at rSh ——————— -
10004 =«-damping - acoustic k-damping atr___.-="
] sh .-~

1000 T

~472 ]

10

1_:" ""'""—"—"—"—"-;'"_':'_"; """""""""""""""""""""""""""""""
] ' 4 ‘--Q‘
N T T TSR SRR
N “u
ILN] Swg

0.1+ i — —
1 10 100
(r -r )r
sh ns" ns
stabilization by turbulence
Uturb -~ VUstab -~ 12 -~ 3%
Ush Tsh|'vsh| 47

-> the "turbulence" invoked for SN explosions
(>30% in Mdller & Janka 15, Muller+17)

- 30 grid points from r,,;=50km to ry,=150km
are insufficient in 3D simulations

would stabilize SASI without rotation
(see also Nagakura+19)



Conclusion

The shallow water experiment unexpectedly drew our attention to

-the adiabatic analytical framework to study SASI
-the stabilizing effect of turbulence on SASI

Rotation effects on SASI are clarified using the adiabatic approximation
-forced oscillator sensitive to phase mixing
-prograde vorticity waves sheared by differential rotation

First analytical estimates of SASI growth rate and frequency

Unexpectedly large stabilization of SASI by viscosity (without rotation)

-turbulent velocities = 3% |vg,| can stabilize SASI
-warning on the damping effect of numerical viscosity

What's next? = reverse engineering of multi-messenger signatures

- include the low-T/W instability + SASI + convection
- complementarity of neutrino and GW signatures for each instability
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