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Energy exchange and mechanism

Neutrino
Core of massive star

Internal energy

Accretion
Turbulent energy
Rshock

Klnematlc energy | -« m— Grawtatlonal
/ potentlal

CCSN simulation calculates these
energy exchanges and dynamics.




Stellar evolution and Supernovae

Evolution

compact object Neutron star or Black hole 7
Ejecta, remnant
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What is important property to predict the progenitor dependence ?
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1D simulation |
Systematic study o 04
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1D - phenomenological simulation

Prediction : property of progenitor like &, governs supernova explosion
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3D simulation

Burrows et al. 2020
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1D prediction is Not consistent with latest results of 3D

One of the reasons : multi dimensional turbulent effects



Research of turbulence

Turbulent convection in gain region
Radice et al. 20106
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Analysis of Turbulence
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Turbulent effects

? Main turbulent effects

Sho

(1) Turbulent Pressure

P turb — <:0 ,V,V,>

(2) Diffusion ({(e'v')

(3) Dissipation ¢, = pv°/L

Neutrino heatinc




Dimensionality (for Hydro)

Our Goal

Performance of self-

consistent simulation

Accuracy : 3D = 1D+
Resource : 3D > 1D+

Approximate

transport Newtonian

Full GR

Neutrino 1 Boft
U olitZmann .
transport Gravity



1D+ simulation
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Sasaki & Takiwaki (3) Dissipation ¢, = pv’3/L
1D+ i1s low computational cost.

It is able to calculate neutrino heating and turbulent effects
and to predict the progenitor dependence of CCSNe 1]



Motivation

Motivation : to predict progenitor dependence by using 1D+

It needs to reproduce the 3D results with 1D+

v

1st step: researching turbulent effects in current 1D+
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How to introduce turbulent effects
Fluid equations: from 3D tol1D

0 :
a_i LV [pv]=0 mass conservation
opv -
——+ V-[pV?+Pl=—pg+3S, Euler equation
d(pe)

-~ + V- -[V(pe+P)=—-pvg+0, Energy conservation

Assuming spherical symmetry Iin the above three equations
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How to introduce turbulent effects
Reynolds decomposition (Murphy & Meakin 201 1)

0 Revnolds decomposition
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Model : Mixing Length Theory

Scale of turbulence:A_ ..

Turbulent velocity: v,

Element I1s powered
by buoyancy force
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e R

Governing equation (e.g. Mller 2019,
Couch et al. 2020)
/

Kinematic Gravitational
Turbulent pressure «—

op 1 0

Diffusion Y F— p rlpv.] =0 Mass conservation
re or

dv, 1 o0 , 5 |
S [r*(pv; + Pl pve Il = —pg + S, Source of turbulence Euler equation
Ipe) | Lo [r?v (pe + P pve ) — r’pD ﬁ + P o (1 —1r’pD VV? ] = — pv.g + PV a@ivAa:. + O Energy conservation
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v 10 , 5 5 , 100y, ) Vo |
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EXp'OdabiIity aA Mixing length }?arameters
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Turbulent parameter dependence

Explosion energy

Eexp [10° erg]
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Turbulent parameter governs the progenitor dependence of £
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PNS mass [Msun]

PNS mass ( baryonic mass)

Turbulent parameter dependence
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2.5

compactness
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Dependence of compactness

Explosion energy

Eexp [10°7 erg]
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|\/‘PNS [Msun]

Dependence of compactness
PNS mass ( baryonic mass)
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Summary of progenitor dependence

Explodablility depends on turbulent parameter «a,.

Strong turbulence , which means large a, , trigger strong explosion.

Focusing on ¢,,,

Compactness dependence of E, Is effected by turbulence parameter, a,.

Compact dependence of M;y IS not effected by turbulence parameter, a,.
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Results

Evolution of Shock
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I D+ has some tasks to
reproduce 3D results accurately.

One is fitting the shock
propagation.

In our 1D+, turbulent parameter
effects prompt convection.
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Results

Turbulent velocity

Vi, [10° cmis]
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larger than that of 2D.
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v, , 100, Viurb
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Source terms of turbulent energy in gain region
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Discussion of turbulent effects

Phenomenological turbulent model of 1D+ 1s simple S :

model. This is based on Mixing Length Theory(MLT). o8- |
However, turbulence of 3D depends on wave \ 04 10 \
number. ( In our model, turbulence is evaluated by /Y
only one velocity, v, ) ' 5@%4\\ |

Source of turbulent energy should be also
corrected.

Kazeroni et al. 2018
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Next work
Analyzing turbulent effects with 3D

Pseudocalofrs

' 8.682
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Mox: T0.28
Min: 3.876
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Next work
Analyzing turbulent effects with 3D

Reynolds stress [108 cm?/s?]

0 50 100 150 200 250 300 350 400
Radius [km]

32



Summary

Motivation :predicting progenitor dependence

Today'’s talk : turbulence effects of 1D+

Results : turbulent parameter effects the progenitor dependence of &,

In our 1D+ model,

Next steps are ..
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Energy source of CCSNe

Energy source of a supernova explosion is the gravitational energy E, released by

gravitational collapse. When a core of mass M, collapses, E, Is

2 -1
GM? GM? GM? o M. R,
E = — ~ =3 X 10 lerg]

R; ; Initial (final) radius of core. (R, > > Rf)

E, Is exchanged to internal energy , neutrino energy and kinematic energy. (Look

the slide of mechanism)

35



Energy Exchange and mechanism

Core of massive star
Internal energy
Accretion
/ Turbulent energy
Kinematic energy Gravitational
potential

CCSN simulation calculates these
energy exchanges.
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Definition of E

exp’

My, < E, >, Mpys

Eep = J pe + pv3I2 + ey, + p®dV J dV : Integral of non-binding region
D D
My, = J pXn:dV X\ : mass fraction of nickel
D
1,=0.5
(E)), = [ L dt L, : neutrino luminosity
1,=0

RPNS
Mpng = J 4nrepdr , Rpye = R(p = 101 [g/cm?))
0

These properties are important to evaluate supernova mechanism.
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Appendix : calculation of 1., with 1D+
Equation 3 In Sotani et al. 2021

1D+ can evaluate PNS mass Mpy and PNS radius R,y from density distribution.

RPNS
Finding the radius that is p = 10! [g/cm’] — Rpye Mpng = J 4rrpdr
0

Derive the GW frequency f. from the following equation ( Sotani et al. 2021)

Y, 1/2 P _3n
flkHz] = — 1.410 — 0.4431In(x) + 9.337x — 6.714x% , x = PN PNS



Total emitted neutrino energy

tb=()

Comparison with Compactness
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The progenitor dependence of < E >, tends to be similar to compactness.
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Total emitted neutrino energy
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Frequency of GW

Comparison with Compactness
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The progenitor dependence of f,, tends to be similar to compactness.
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Frequency of GW

Turbulent parameter dependence
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Correlation study

Table of correlation coefficient

ZAMSmass
ympactness
PNSmass

<E>

The following is a test calculation of

correlation coefficients
Eexp

t(r s=400) -

f GW

ZAMSmass

compactness

PNSmass

<E>

Eexp

=400) -

t(r s

f GW

0.90

0.75

-0.60

—0.45

-0.30
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Correlation study

Correlation with Total neutrino energy
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M\ has strongly positive correlation with <E > ..
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Correlation study

Correlation with Total neutrino energy
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E..,and My; are positively correlated with <E > .

But, these correlations depend turbulent parameter. 4



Correlation study

Correlation with GW freguency
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M\« has strongly positive correlation with /...
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Correlation study

Correlation with GW freauenc-
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E..,and My, are positively correlated with fy,.

But, these correlations depend turbulent parameter. 47



Discussion
Compared to 3D
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Our results of a, = 1.0 Is consistent to the result of 3D simulation
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Discussion
Compared explodability to Couch et al. 2020

1?2 | | | | | The result of Couch 2020
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Our feature is slightly different from previous work

However, the landscape of explodabillity 1s similar.
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GW f mode [kHZ]

Time dependence

e, the fitting formula of Gravitational wave (GW)
14112~ 40M,, 1 by Sotani et al. 2021,

f(kHz) = — 1.410 — 0.443 In(x) + 9.337x — 6.714x7 ,

_ 172 —3/2
y ) ( Mexs ) ( Rexs )
sl12 10+*g/cm ]
<15 1011g/cm 1.4M 10 km

0gl ax = 1.0

04 L 3 =
0.2 L 3 _
0 s20 1011g/cm?
- s25 101lg/cm? B . _
0.2 / -30 10!1g/em? === | All properties of CCSNe depends on time.
0.4 |- s35 101ig/cm§ —
-0.6 U | | | |S4O|10 g/cml |

0 100 200 300 400 500 600 700 800 900 |l1Me dependence Is also important factor
Time after bounce [ms] for correlation studly.

-> time-domain astronomy
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