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CC SNe: explosion mechanism

A core-collapse Supernova is the terminal phase of a massive star [M = 8 M)].

» Formation of a degenerate Iron core R tkmt | Neutrino Trapping

R (t ~0.1s, Q.~10"2 g/cm?)

— e~ captures reduces electron degeneracy pressure Fe

~ 100 [

M, 1.0 \ M(r) [M¢]
heavy nuclei
Si-burning shell
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CC SNe: explosion mechanism

A core-collapse Supernova is the terminal phase of a massive star [M = 8 M)].

» Formation of a degenerate Iron core

— e~ captures reduces electron degeneracy pressure

» Onset of the gravitational collapse

— Keeps going on until inner core becomes
uncompressible (o ~ 10** g/cm?3)

Alessandro Lella NOW2024

R [km]

I:‘Fe

A Neutrino Trapping
(t ~0.1s, Q.~10"2 g/cm?)

~ 100 [

M, 1.0 \ M(r) [Me]
heavy nuclei
Si-burning shell

Otranto, 07/09/2024



CC SNe: explosion mechanism

A core-collapse Supernova is the terminal phase of a massive star [M = 8 M)].

» Formation of a degenerate Iron core

— e~ captures reduces electron degeneracy pressure

» Onset of the gravitational collapse

— Keeps going on until inner core becomes
uncompressible (p ~ 10 g/cm?3)

» Core bounce and formation of a shock-wave

— Converts the implosion into an explosion

Alessandro Lella NOW2024
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CC SNe: explosion mechanism

During shock-wave propagation

R [km]
» Matter infalling (accretion) from above forms a PNS Re,

—> R ~10—30km, M ~ 1.5 Mg A

Shock Propagation and v, Burst

by y (t ~0.12s)

— Cooling via neutrino emission of all species

~ 53 ~ position of
E~10°erg,t ~ 10s. o

formation

\ M() [MJ

nuclear matter L
Si—burning shell
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CC SNe: explosion mechanism

During shock-wave propagation

R [km]
» Matter infalling (accretion) from above forms a PNS Re,

Shock Propagation and v, Burst

by y (t ~0.12s)

—> R~ 10 —30km, M ~ 1.5 M A
— Cooling via neutrino emission of all species
E~103erg,t~10s position of
’ ) shock

formation

» The shock-wave loses energy dissociating
heavy nuclei.

— Shock stalls at R; ~ 100 km.

nuclear matter

\ M() M

lei
B Si—burning shell
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CC SNe: explosion mechanism

* Neutrinos deposit energy behind the shock front

(v- heating)

Alessandro Lella

A Shock Stagnation and v Heating,
LSy j / Explosion (t ~0.2s)
Rs ~ 200 -
¥ / -
Vet Vet
Ry~ 50

ve,u,t ’Ve,p,'c

gain layer 1.5 M(r) [MJ]

cooling layer
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CC SNe: explosion mechanism

(v- heating)

* Neutrinos heat high-entropy material at G260 | .

the PNS surface

—> Post-shock convection

Alessandro Lella

Neutrinos deposit energy behind the shock front

entropy [kg/baryon] t,,=500ms
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CC SNe: explosion mechanism

* Neutrinos deposit energy behind the shock front

(v- heating)

* Neutrinos heat high-entropy material at Ro~200

the PNS surface
—> Post-shock convection

* Dynamical deformation of the shock
surface

— Standing accretion shock instabilities (SASI)
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NOW2024

y [km]

—100

—200

300

—400

entropy [kg/baryon] t,,=500ms

400

300

200

100

—400 =300 —200 —100 0 100 200 300 400
x [km]

! Ve,u,r ’Ve,u,t

5 M) M

gain layer

cooling layer

Otranto, 07/09/2024



CC SNe: explosion mechanism

entropy [kg/baryon] t,,=500ms

e Neu deposit energy behing hock front
(v- heatim

v-heating + {Ig

the P post shock convection and SASI
— postshockg> Delayed Explosion Scenario

* Dynamical deforma e ‘ , .
surface v
— Standing accretion shock instabili SASI) -

PNS 1.3 gain layer 1.5 MI(r) [Md]
cooling layer
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CC SNe: 3D simulations

Need for 3D SN simulations by Garching group [Max Planck Insitute for astrophysics].

* Based on the neutrino-hydrodynamics code PROMETHEUS-VERTEX /Ramp & Janka, Astron.
Astrophy. 396 (2002); Buras et al., A&A 447 (2006); Bollig et al., Phys.Rev.Lett. 119 (2017)]

»s12.28 > 518.88 [Bollig et al.,, Astrophys. J. 915 (2021)]

* Myrog = 12.28 M , Mpns = 1.55 Mg * Mprog = 18.88 Mg , Mpys = 1.86 Mg

* 3D progenitor * 3D progenitor

* Successfull explosion * Successfull explosion

* Sampling rate At = 0.2 ms « Sampling rate At = 0.5 ms

* SFHo EOS [Hempel & Schaffner-Bielic, NuPhA, » LS220 EOS /Lattimer & Swesty, NuPhA, 535
837 (2010)] (1991)]
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CC SNe: 3D simulations

Need for 3D SN simulations by Garching group [Max Planck Insitute for astrophysics].

* Based on the neutrino-hydrodynamics code PROMETHEUS-VERTEX /Ramp & Janka, Astron.
Astrophy. 396 (2002); Buras et al., A&A 447 (2006); Bollig et al., Phys.Rev.Lett. 119 (2017)]

»s12.28

* Mprog

* 3D progenitor

* Successfull explosion

* Sampling rate At = 0.2 ms

* SFHo EOS [Hempel & Schaffner-Bielic, NuPhA,
837 (2010)]

Alessandro Lella

> s18.88 /Bollig et al., Astrophys. J. 915 (2021)]
- M

prog = 18.88 M, , Mpys = 1.86 Mg

* 3D progenitor

* Successfull explosion

* Sampling rate At = 0.5 ms

* LS220 EQOS /Lattimer & Swesty, NuPhA, 535

(1991)]

Anisotropic energy emission and mass flows are source of GWs

Quadrupole

G .
hij X ? Qij momentum tensor
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Ay (1) [cm]

Ay (1) [cm]

GWs from hydro instabilities
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GWs from hydro instabilities

Qij = /dSCUP (2’Uz"Uj — xi8j¢eﬁ — CUjaz'¢eff)
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Qij = /dSCUP (2’Uz"Uj — xi8j¢eﬁ — CUjaz'¢eff)

GWs from hydro instabilities
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Qij = /dSCUP (2’Uz"Uj — xi8j¢eﬁ — CUjaz'¢eff)

GWs from hydro instabilities

Equator _

Ay (1) [cm]
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GWs from hydro instabilities

AL =rhy :QOG_Qqub

Qij = /dSCUP (2’Uz"Uj — xi8j¢eﬁ — CUjaz'¢eff)

Ay (1) [cm]
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pb [S]

Ay (1) [cm]

Equator _

Alessandro Lella

1.0

tpb [S]

1.5

Ay (1) [cm]

Ay (1) [cm]

AXZThX=2Q9¢

512 28

05 10 15 20 25 30 35 40 45

pb [S]

NOW2024

1.0 1.5

tpb [S]

® Prompt post-

bounce convection

@ Quiescent phase
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® Post-shock

convection and SASI
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@ Anisotropic shock
expansion (=1 s)
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GWs from hydro instabilities

3 Ay =rh ZQee—Qcqu
i = [ d°xp (2uiv; — 1,0t — T;0;Pe i " .
Q] / ,0( J J¢ﬂ J qbff) A =rhy =200,

Strong dependency on the different viewing angles! (see also /Vartanyan et al, Mon.Not.Roy.Astron.Soc. 489 (2019) 2])
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GWs from hydro instabilities

For the analysis in the frequency domain, we define the characteristic strain

he(f) = /0501 (HI? + [hx (£)[2)

* Most of the power concentrated at f ~ O(1) kHz

* Memory contribution at f ~1 — 10 Hz

™ LR
23' 10—22_ r =10 kpC _
o107 v ]
IN n
= 10724 2
< F
H\ B |
e\ 10_255_ -
F 512.28 [ s18.8
1 10 10° 10° 1 10 10? 10°
J [Hz] f [Hz]
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For the analysis in the frequency domain, we define the characteristic strain

he(f) = /0501 (HI? + [hx (£)[2)

GWs from hydro instabilities

* Most of the power concentrated at f ~ O(1) kHz

* Memory contribution at f ~1 — 10 Hz

f he [Hz™'/?]
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GWs from hydro instabilities
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Logl0 (JA.1* + A,

Log10 (JA.* + AP

Large power at low frequency for
s12.28 just after core bounce.

“Haze"” of different modes at
typ € 10.2,1]s

Rising of a dominant PNS oscillation
mode at late times

Matter memory effect at late times

Aliasing artifacts at f = f/2
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GWs from neutrino emission

: 1 dA

Anisotropy parameter as(t, o, 3) = m / dQ' Ws (Y, a, ) oY (Q',t) [Miiller et al., A&A, 537, A63 (2012)]
47
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GWs from neutrino emission

: 1 dA
Anisotropy parameter as(t, o, 3) = m / dQ' Ws (Y, a, ) oY (Q',t) [Miiller et al., A&A, 537, A63 (2012)]
47
0.10} _ 0.10 Equator | * Nearly isotropic emission
. 0.05; N 0.05 . at tpb <0.1s
ti 0.0 t; 0.0
S 005 S 005 * SASI and post shock convection
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GWs from neutrino emission

2G [*
GW strain  hs(t,a,8) = —; / dt' L,(t") ags(t',a,B) [Miller et al, A&A, 537, A63 (2012)]
rct Jo
200p=ve =W Equator - 200 Equator{ * Amplitudes grow over At ~
—_ - —vy, — Tot 1 — )
= 100f 1 g 100f . 0.3 — 0.5 s, when large scale
O 3 4 &) ]
—~ 0 =~ of N ; accretion builds up
< —100; < —100%— ff
=~ L ~ i ]
~200 —200f $12.28 .
0 10 20 30 40 50 e |long late-time memory
fb [5] effects
200 Equator “ 200F Equator
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Larger strains than matter

: ! component

~100f .
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GWs from neutrino emission

2G [*
GW strain  hs(t, o, 8) = —; / dt' L,(t") ags(t',a,B) [Miller et al, A&A, 537, A63 (2012)]
rct Jo

* Strong dependency on viewing angles.
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GWs from neutrino emission

For the analysis in the frequency domain, we define the characteristic strain

he(f) = /0501 (HI? + [hx (£)[2)

* Emission dominated by neutrino memory component at f ~ 1 — 10 Hz

e Characteristic strain decays as h, ~ f ! at higher frequencies

- o S =21
10215— r =10kpc 3 10 3

Lol
10°

J [Hz]
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Detection prospects

10—19
r = 10 kpc — 51228 -- ET
1020 — 518.88 - CE
E : “ : — al.IGO --- DECIGO
T 1072k
N 3 |
= 10722
Q =
Ny -
g'\ 10—23;
o
10_25_ . IR ! Lol ! Lo
1 10 10° 10°
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Detection prospects

10—19
* Current detectors like aLIGO able =10 kpc — s12.28 —--ET
to capture high-frequency modes. 10720L | — 518.88 - CE
B “ '- —_ 4LIGO --- DECIGO
7107k
N E |
m - N
e =22
L 1077
N -
= 1073
T
10_25_ | | IIIIII| | | IIIIIII | | IIIIII|
1 10 10° 10°
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Detection prospects

10—19
* Current detectors like aLIGO able =10 kpc — s12.28 —--ET
to capture high-frequency modes. 10720L | — 518.88 - CE
B - “ : — al.IGO --- DECIGO
O [
N = |
* Future detectors as ET and CE able E of b
to detect both neutrino and matter AU -
GWs = i
= 1073
T
10_25_ | | IIIIII| | | IIIIIII | | IIIIII|
1 10 10? 10°
J [Hz]
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Detection prospects

10—19
* Current detectors like aLIGO able =10 kpc — s12.28 —--ET
to capture high-frequency modes. 10720L | — 518.88 - CE
B : “ : — aLLIGO --- DECIGO
O [
N E |
* Future detectors as ET and CE able E of b
to detect both neutrino and matter AU -
GWs = i
= 1073
T
 DECIGO able to capture the full
memor Com onents 10_25 | | | L1 1.1 I| | | | L1 1 III | | | L1 11 I|
y P 1 10 10° 10°
f [Hz]
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Summary and conclusions

* Anisotropic neutrino emission and mass

. 10—19
flows are sources of GWs during cc SNe. r = 10 kpc <1228 —- ET
10720L | 51888 - CE
* GWs from hydro instabilities encode phases < N ‘| — aLIGO - DECIGO
of SN explosion mechanism o 107F |
= 1072}
* Neutrino memory GWs are related to <
highly time-dependent anisotropic = 1075}
emission ~ 10_245
* Both matter and neutrino GWs from the e I——
, , 1 10 10 10
next Galactic SN are in the reach of current
and future GW detectors f [Hz]
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Angle-dependence of ();;

Qoo = (Qm cos? ¢ + ny sin? ¢ + Zme sin ¢ cos qb) cos? 0 + @, sin? 6 — 2 (sz cos ¢ + Qyz sin qb) sin @ cos 6

Q¢¢ = Q. sin? o+ ny cos? ¢ — 2me sin ¢ cos ¢,
Qeqs = (ny — Qm) cos @'sin ¢ cos ¢ + me cos 6?(cos2 ¢ — sin® o) + Q. sin O sin ¢ — Qyz sin @ cos ¢.
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Angular weight functions

) Ds(¢', ¢, a, B)
Ws(©@, ¢, a.p) = S0 0P

N, ¢, a,p)
D, = [1+ (cos¢’ cosa + sin ¢’ sina@) sin & sinB + cos &

cosB] {[(cos @’ cos a + sin ¢’ sin ) sin & cos B —

cos & sin ,8]2 —sin® @ (sin ¢’ cos @ — cos ¢’ sin cx)z}

Dx = [1+ (cos¢’ cosa + sin ¢’ sin@) sin & sin B + cos §’
cosB] 2 [(cos ¢’ cos a + sin ¢’ sin @) sin 8’ cos B —
cos @ sinB| sin 8 (sin ¢’ cosa — cos ¢’ sina) ,
N = [(cos¢’ cosa + sin¢’ sina)sin& cosB — cos &
sin B]* + sin® @ (sin ¢’ cos @ — cos ¢’ sin @)” .
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Gravitational wave energy
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