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Supernovae have a broad connection to the Universe

Stellar Evolution
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Science/MacFadyen

Neutrinos & Gravitational Waves

[
= Kamiokande TI
* TMB
40 L ] 4 Baksan
* L] L]
‘T
: i '
20 = b. .
i |
1 | 4
1S |
ol .
10— . -
Ii] | L |
o 2 4 6 8 10 12

Temps relatif (secondes)

LIGO/VIRGO

14

Neutron Stars & Black Holes

Masses in the Stellar Graveyard

Nucleosynthesis

13

K Ca Sc Ti V Cr Mn Fe Co Ni

19 20 2 22 23 24 25 26 a7 28 29 30 3

Rb i shes ) Mo Tc ‘Ru Rh ‘Pd Ag Gd “In Sn
37 iEBgs a4 1 43 44 a5 4 a7 48 49
Cs soe . w Re Os Ir Pt Au Hr)?;.“ "
55 v 75 76 rirs 78 g T i i
Er
L PrNg: Pm Sm Eu Gd Tb Dy
ail B0 61 B2 65
Ac Th Pa i\gP Pu Am Gm Bk Cf
Bg 80 "1 a7 88

Exploding

massive

stars
Cosmic Merging Exploding 5 [
ray neutron white
fission stars dwarfs Al

Human synthesis
No stable isotopes

B =

Cu Zn Ga Ge As Se Br

32 33 34 35
8n Sb iTe: |
BB E5Y 52 53
Pb' Bi Po At
a2 Ba a4

Ho Er Tm #¥b
67 69

Es Fm Md No

915 000 Sa0rs 02

Wikimedia/Jennifer Johnson

Cosmology

44

42+ ® Supamow

38

m-M (mag)
»,

a Cosmology Project " .;--'
40 ]

0,=03,0,:0.7
— 0,-03,0,-00 7]

-- 1,110,000 ]

A(m-M) (mag)

-1.0F

0.01 0.10

High-Z & SCP

1.00

Extreme Physics

él;l!'e“ 250
Ne - v 2% U %1.7% ‘;
0 H i
1 5 ; 2 o Quarlr.—GIuon .
Ar 200 42 RHIC v E -
18 - p : . & :‘J-“ * o
‘)._; _:‘ ! I"'H_ . [=)
Ko 2 50t - x
36 - s Critical point? =
Xe 5 - ? 9 e . " =
54 g 100 < 2 4 o0 § g
I;‘é"l é_' | a3 : o L‘"’b . 1 é‘
= Hadronic Matter _;.’ ! S
50 Hgli Ml_xed phase? v, =
Lu 5 ¥ EEE N,
7 Normal nuclei N uf =
Lr 0 a0 } weurongars
108 1 5 ‘J 13

Baryon density [1.5 % 10 m™]

Contemporary Physics Education
Project (CPEP)

Galaxy Evolution

Huble



Smartt et al.
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Not all core collapses will succeed:
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Stellar Collapse: suitding the core

 Stars spend most of their lives burning
hydrogen.

* The product — Helium — settles in the core
and will burn when temperatures increase
sufficiently.

* For massive stars (M > 8-10M,,,,,), the
process continues through Carbon,
Oxygen, ..., up to lron.

Stage Timescale

H burning 7 million years
He Burning | 0.5 million years
C Burning 600 years

Ne Burning | 1 year

* This process does not continue past iron as
iron is one of the most tightly bound
nuclei.

O Burning 6 months
Si Burning 1 day

e Iron core builds up in center of star. A. C. Phillips, The Physics of Stars, 2nd Edition (Wiley, 1999).



Collapse Phase

* Most massive stars core collapse during the
red supergiant phase

* CCSNe are triggered by the collapse of the iron
core (~¥1000km, or 1/10° of the star’s radius)

* Collapse ensues because electron degeneracy
pressure can no longer support the core
against gravity
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Not a prestine onion...
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Collapse Phase: Role of Neutrinos

* Emission of neutrinos deleptonizes the core and accelerates collapse
* The emission ultimately sets the final Ye of the core

P
n * Heavy-lepton neutrino production is highly y
/ Ve suppressed because temperature is so low / €
p / : /
; (A,Z‘l)
e ot
Electron capture on fr e i
ectron capture on free Positron capture on free neutrons.
protons. Cross section is very / Suppressed because positron
high, but suppressed because (A,2) density is very low due to high
number of free protons is low electron chemical potential

Electron capture on heavy nuclei. Abundance is very high, cross section is somewhat
suppressed because of energetic cost of converting proton to neutron in a nucleus.



Electron Captures during Collapse

Color: contribution to capturing
electrons during collapse
Red: dominant. Blue: negligible

Sullivan et al. (2016), Titus et al. (2018)
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Neutronization Burst

SFHo EOS; Ye=0.3; T=5MeV
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Neutronization Burst

Recently freed and no longer
suppressed, protons now rapidly
capture electrons, producing a
burst of v,
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Neutronization Burst
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* Recently freed and no longer
suppressed, protons now rapidly
capture electrons, producing a
burst of v,
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Accretion Phase: Role of Neutrinos

* After the burst, v, and anti-v, emission is powered by accretion
* Infalling matter is shock heated and then is cooled via neutrino emission

n P
/ Ve e Charged current processes dominant production /
/ * Thermal production processes dominate at high
P densities where neutrinos are trapped for seconds : /
e et

 Thermal emission is dominant production process

N V
- N \—}
for heavy lepton neutrinos as T is too low for / N \‘zﬂ/
N e-

charged-current processes with u’s and t’s
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Luminosity (10°! erg/s)

Accretion Phase: Role of Neutrinos

FLASH simulations, 149 progenitors,
SFHo EOS, Segerlund et al. (2021)
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ﬂ CCSNe: The Explosion?

J stalled shock

L
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The Core-Collapse Supernova Problem

* The naive prompt  mechanism
fails

* The prevailing mechanism is the
turbulence-aided neutrino

mechanism
* Neutrinos from core heat outer layers
* Drives convection
e Turbulence pressure support aids heating
and drive explosion

* Very successful in 2D, also
successful in 3D.



* Routinely, modern, state-of-the-
art, symmetry-free, simulation
codes obtain explosions across
the progenitor spaces

* Suggest that canonical observed
energies (0.5-1 Bethe) are
achievable in the turbulence-
aided neutrino mechanism, if
you wait long enough
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Successful CCSN explosions e

* Routinely, modern, state-of-the-
art, symmetry-free, simulation
codes obtain explosions across
the progenitor spaces

* Suggest that canonical observed
energies (0.5-1 Bethe) are
achievable in the turbulence-
aided neutrino mechanism, if
you wait long enough

. Bollig et al. (2020)



ﬂ Impact of Progenitor Perturbations

movies
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ﬂ Nuclear Equation of State and Core Collapse
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Impact assessed only with systematic studies

: . For each of the 4 sets we construct EOSs
da Silva Schneider et al. (2019b) , _ o
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What about in a supernova?

Cold Neutron Star Hot Supernova

Sp: Impacts maximum mass| ® Sp: No impact in early stages =

Sk: v. large impacton NS [ * Sk: Mild impact on radii
radius
Sg: impact on low mass NS | ®* Ss: Mild impact on radii
only

Sy: Minimal impact ® S, strong impact on radii

Effective mass (via the impact on the
thermal EOS) plays strong and
important role in supernova evolution
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Cold Neutron Star

Sp: Impacts maximum mass

Sk: V. large impact on NS
radius

Sg: impact on low mass NS
only

Sm: minimal impact

Hot Supernova

Sp: No impact in early stages

Sk: Mild impact on radii
Sg: Mild impact on radii

Si: strong impact on radii

Effective mass (via the impact on the
thermal EOS) plays strong and
important role in supernova evolution

Rshock [km] Te [MeV] Pc

Rip[km]
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What about in a supernova?

Cold Neutron Star

Sp: Impacts maximum mass

Sk: V. large impact on NS
radius

Sg: impact on low mass NS
only

Sm: minimal impact

Hot Supernova

Sp: No impact in early stages
Sk: Mild impact on radii
S¢: Mild impact on radii

Si: strong impact on radii

Effective mass (via the impact on the
thermal EOS) plays strong and
important role in supernova evolution
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o ] A [my]
What about in a supernova? — e .
— 0.85 ——0.20

Cold Neutron Star Hot Supernova
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* Sp: Impacts maximum mass| ® Sp: No impact in early stages =
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® Sg:impact on low mass NS | ® Ss: Mild impact on radii
only

Rshock [km]
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Effective mass (via the impact on the
thermal EOS) plays strong and |
important role in supernova evolution 00 02 04 06 08 10
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ﬂ How does the effective mass impact the EOS?

EOS specific energy : GB(H, y, T) — Ekjn(n, Y, T) + Gpot(n, )’)

- 1 (A*t, KT,
Kinetic term (thermal term): ¢ (n, v, T) = — |
n\2my;  2my

- | 1 (2mT\
Kinetic energy density: 1, = 52 2 F32(n:)

h° h°
Effective masses thru Skyrme terms: - = Fan; + aan_y
2my  2my




Cold Neutron Star Hot Supernova

Sp: Impacts maximum mass| ®* Sp: No impact in early stages

Sk: v. large impacton NS [ * Sk: Mild impact on radii
radius
Sg: impact on low mass NS [ ® Ss: Mild impact on radii
only

Sy: Minimal impact ® S, strong impact on radii

Effective mass (via the impact on the
thermal EOS) plays strong and
important role in supernova evolution
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It does impact the evolution in 3D! da Silva Schneider et al.

(2019b)
see also Yasin et al. (2018)
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high m*, less pressure, more compact, more heating

1. High effective mass
gives lower thermal
pressure, P, ~ 1/m*

2. More compact
protoneutron stars

3. More and hotter

neutrinos

4. Greater heating and
convection

5. Higher chance of
explosion

t— tbounce [5]

Schneider et al. (2019b)
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Let’s reenforce this idea

. Eggenberger Andersen et al. (2021)
2D simulations
* range of EOS with varying effective mass
* Same result, low effective masses give more
compact PNS, higher luminosities, energies,
easier explosions

* Variations in K ,, do not impact evolution
nearly as much
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What other Multimessenger signals?

€q
h7'x D [cm] EO & Couch (2018b)
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Nuclear EOS and GWs

Eggenberger Andersen et al. (2021)
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Black Holes in 49 EOS
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Black Holes in 49 EOS

* Need to consider a hot PNS (we take constant

entropy; see Hempel et al. 2013)
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Thermal Landscape for Supernovae

Schneider et al. (2020)
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Thermal Landscape for Supernovae

Schneider et al. (2020)
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Impact on Ejecta in Failed Supernovae

* Not all core collapse events result in an

. . . I I [
explosion, some fraction of “Failed Supernovae” ) g e
* Such events can still eject mass due to neutrino i,
emission (Nadyozhin 1980, Lovegrove & Woosley 2013, ? 81 .3: . N
Fernandez et al. 2018, da Silva Schneider & EO 2022). = ‘: A’ )
! n T c e SH16
= TE o 8 T e S+18
a% ; oWt L+21
* Considerable energy carried away by neutrinos (several = “ ' : z\f;;b
tenths of solar mass) 6 4, . WHWOS
: , . 8 4t «  WHWO02u
* Disrupts the hydrostatic balance throughout the star, ) +  WHWO02z
pressure gradiants dominates over gravity (') 2'0 4'0 6|0
* Sound pulse moves up, steepens to shock, can unbind Mec[Mo)]

loosely bound material
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Impact on Ejecta in Failed Supernovae
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explosion, some fraction of “Failed Supernovae” £ . : 4
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emission (Nadyozhin 1980, Lovegrove & Woosley 2013,
Fernandez et al. 2018, da Silva Schneider & EO 2022).
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pressure gradiants dominates over gravity

* Sound pulse moves up, steepens to shock, can unbind
loosely bound material
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Summary

The nuclear matter is supernovae (and merging neutron stars) is hot and
behaves differently than cold nuclear matter

One parameterization of this is through the effective mass, the thermal
pressure is proportional 1/m*

low m* -> high thermal pressure -> puffed up PNS -> less, later, and less
energetic explosions; lower frequency GWs; low m* -> high thermal
pressure -> longer lifetimes -> delayed black hole formation

Really hot PNS are quite insensitive to high density EOS, dominated by
thermal response.



