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• Core-Collapse Supernovae 

O V E R V I E W
Introduction

• The CCSN “Problem” and 
possible solutions

RCW 114, an old supernova remnant with 

an estimated diameter of 100 lightyears.

Conclusions & Summary

3D CCSN Progenitors 
• Landscape of 3D Progenitors

• 3D Rotating 16  starM⊙

• CCSN Explosion Mechanism

• Signals from CCSNe

CCSNe = core-collapse supernovae



Core-Collapse Supernovae

I N T R O D U C T I O N



(Larsson + 2011)

Galactic Chemical Evolution
• Nucleosynthesis

• Stellar Feedback

Compact Object Formation
• Produce NS / stellar mass BHs

Multi-Messenger Astronomy
• Gravitational Waves

• Neutrinos

• Electromagnetic 

The death of a massive star

Stellar Transients
• Core-Collapse Supernovae

• Collapsars, Gamma Ray Burst, SLSNe
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C O R E - C O L L A P S E  S U P E R N O VA E  



C O R E - C O L L A P S E  S U P E R N O VA E

• ~3 per century for a Milky Way 
type galaxy (Li et al. 2012). 


• Liberate ~ 1058 neutrinos. 


• Kinetic energies on the order 
of 1051 erg! 


• Produced by stars with masses 
about 8 times more than the 
Sun, massive stars.

T H E  R E M N A N T  O F  S N  1 9 8 7 A .  S O U R C E :  N A S A  G S F C .
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Core-Collapse Supernovae



The final moments of a 
massive star

I N T R O D U C T I O N



E V O L U T I O N  T O WA R D S  I R O N  C O R E -
C O L L A P S E  I N  A  M A S S I V E  S TA R

• Massive stars burn heavier 
and heavier elements. 


• Form an inert core primarily 
of Fe peak elements. 


• Core becomes gravitationally 
unstable as reactions remove 
pressure sources.


• Core collapses - rapidly ! 
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Interior of an evolved massive star



P H Y S I C S  O F  S T E L L A R  C O R E - C O L L A P S E

“Iron” Core

R~2000 km

ρc ∼ 1010 (g cm−3)

Proto-Neutron Star

R~50 km

ρc ∼ 1014 (g cm−3)

“Core-Collapse”

t ∼ 250 ms

4



P H Y S I C S  O F  S T E L L A R  C O R E - C O L L A P S E

Stalled Shock

8

SUBMITTED TO APJ ON 2013 OCTOBER 21 COUCH & O’CONNOR

Figure 13. Pseudo-color slices of entropy at four postbounce times for s27 fheat 1.05 3D. The colormap and limits are indicated on the left and kept fixed for each
time. Convection is already strong by 100 ms, as is indicated in Figures 11 & 12. As explosion sets in (right two panels), the convection becomes volume-filling
and large, high-entropy bubbles emerge that push the shock outward. The explosion begins in an asymmetrical fashion (right-most panel). The development of
convection in our simulations is very similar to that of Ott et al. (2013).
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Figure 14. Turbulent kinetic energy spectra, as measured by the non-radial
component of the velocity. The top panel shows 2D and 3D spectra for s15
and the bottom panel displays the same for s27. The E` are averaged over a
10 km-wide shell, centered on a radius of 125 km, and over 10 ms, centered at
150 ms postbounce. In all cases, 2D simulations result in much greater kinetic
energy density on large scales than 3D. Kinetic energy on large scales has
been suggested to be conducive to explosion (Hanke et al. 2012).

et al. 2013). Turbulent stresses can aid shock expansion in
multidimensional simulations of CCSNe (Murphy et al. 2013).
The presence of strong turbulent motions behind the forward
shock during the explosion phase may even effect collective
neutrino flavor oscillations (Lund & Kneller 2013). Based on
the global CCSN turbulence model developed by Murphy &
Meakin (2011), Murphy et al. (2013) argue that the turbulence
in neutrino-powered CCSNe explosions is primarily the result
of neutrino-driven convection. Here, rather than focus on the

primary driver of turbulence in our simulations, we address the
differences in the development of turbulence between 2D and
3D.

Following a number of previous studies, we examine tur-
bulent motion by decomposing the non-radial component of
the kinetic energy density in terms of spherical harmonics
(e.g., Hanke et al. 2012; Dolence et al. 2013; Couch 2013a;
Fernández et al. 2013). We define coefficients,

✏`m =

I p
⇢(✓, �)vt(✓, �)Y m

` (✓,�)d⌦, (13)

where the transverse velocity magnitude is vt = [v2
✓ + v2

�]1/2.
The non-radial kinetic energy density as a function of ` is then

E` =
X̀

m=�`

✏2`m [erg cm�3]. (14)

In Figure 14, we show the E` spectra for s15 (top) and s27
(bottom) in both 2D and 3D. The spectra are computed in a 10
km-wide spherical shell centered on a radius of 125 km and
at a postbounce time of 150 ms. This time and radius were
chosen to coincide with the initial development of strong non-
radial motion yet prior to onset of significant shock expansion
or contraction (see Figs. 10 & 11). Immediately apparent
is that 2D simulations have much greater turbulent kinetic
energy on large scales (small `) than 3D. This is the case
even when comparing the 2D fheat = 0.95 cases with the
3D fheat = 1.05 cases. Similar behavior is found in other
comparisons of turbulence in 2D and 3D (Hanke et al. 2012;
Dolence et al. 2013; Couch 2013a). These studies also found
that non-radial kinetic energy on large scales correlated with
vigor of explosion. Hanke et al. (2012) even suggest that non-
radial kinetic energy on large scales, by significantly increasing
matter dwell times in the gain region, could be key to the
success of the neutrino mechanism. Our results also support
this conclusion; the closer a model is to explosion, the larger
the turbulent kinetic energy on large scales.

It is well-known that turbulence in 2D exhibits very dif-
ferent behavior than in 3D. The most significant difference,
particularly for the present discussion, is the so-called “inverse
energy cascade” in 2D. According to Kolmogorov’s theory of
turbulence, turbulent energy is injected on large scales and sub-
sequently is transfered via the turbulent cascade to small scales
(Kolmogorov 1941). In 2D, turbulent energy is still injected
at the large, driving scale, but from there cascades to large
scales instead. Enstrophy, the integrated squared-vorticity,
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Stellar core collapse

150 km

Fe !4
He

L⌫

Ṁ

Shock stalls...  What revives it??
=> The CCSN “Problem”

Entropy slice of explosion of 20 solar mass stars. 

Credit: O’ Connor & Couch (2018b).

“Bounce” to 

Stalled Shock

t ∼ 100 ms

5

“Bounce” 

Stiffening of Core


Launch Shock

Not enough energy to 

promptly explode star.

R~50 km



R E V I VA L  O F  T H E  S TA L L E D  S H O C K

Delayed Neutrino Heating Mechanism

• Needs ~1051 erg to unbind the 
star, explode. 


• PNS contraction releases energy 
as neutrinos ~ 1053 erg / s !!


• Heating by neutrinos beneath 
the stalled shock via absorption.


• Only need a few % of released 
neutrinos to drive explosion 
(Bethe & Wilson 1985).

Diagram showing revival of stalled shock.

Credit: Janka (2011).
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E R A  O F  3 D  C C S N  S I M U L AT I O N S

7

11

Multiphysics Challenges

3D Magnetohydrodynamics

General Relativity

Microphysics 
(Nuclear EOS, !-interactions, 

nuclear kinetics)

Boltzmann !-transport

Fully-coupled! All four Forces: 
Gravity 

EM 
Weak 
Strong

Need 21st c. tools: 
• Modern microphysics  
• Cutting-edge numerical algorithms 
• Petascale computers (exascale?) 
• Sophisticated software 

infrastructure (and open-source!)
Credit: Sean Couch

(Vartanyan+ 2019)

(Fields + 2022b, in prep.)

(Moesta + 2014)

(Roberts + 2016) (Burrows + 2019)



Open challenges in 
modelling CCSNe and 

possible solutions

I N T R O D U C T I O N



T H E  C O R E - C O L L A P S E  ‘ P R O B L E M ’

How do we (try) to model stellar explosions?

• 1D Stellar Evolution Codes 
for pre-supernova evolution.


• Evolve explosion in 2/3D 
using multi-D hydro codes.


• Shock failed to be revived in 
some models. 

Failed explosion using spherically symmetric 

1D model from Couch + 2018.

8




• Struggle to match range of 
Type IIP explosion energies 
of ~0.5-4B.

9


T H E  C O R E - C O L L A P S E  ‘ P R O B L E M ’

Explosion Energy

Shock Revival
• Models fail to explode in 

some cases. 

Fate of Compact Remnants
• Require long term 

simulations (Burrows +, MNRAS, 2019)

Towards a definitive model of CCSNe

Observations



S O L U T I O N ( S )  T O  T H E  C O R E -
C O L L A P S E  ‘ P R O B L E M ’ ?

• General Relativistic Gravity - More 
compact PNs lead to larger neutrino 
luminosities.


• Sophisticated Neutrino Transport - 
Full Transport + GR can result in 
explosion.


• Initial models/Perturbations - Pre-
SN models are not spherical and 
can vary.

Volume rendering of the entropy 

distribution from Roberts + 2016.

10




Deeper look in to the Pre-
Supernova Models

I N T R O D U C T I O N



P E RT U R B AT I O N S  I N  T H E  P R E -
S U P E R N O VA  M O D E L

• 3D Octant model, ~ three minutes, evolved using 21 isotope network.

(Couch + ApJL, 2015)

11


t ∼ 20 (s) t ∼ 100 (s) t ∼ 155 (s)

Fe core v
∼

50
0

(k
m

s−
1 )



P E RT U R B AT I O N S  I N  T H E  P R E -
S U P E R N O VA  M O D E L

• Multi-D progenitors provide a solution to the core-collapse problem. 

3D Initial model leads to faster, stronger explosion. 

12


(Couch + ApJL, 2015)



I M PA C T  O F  P R O G E N I T O R S  O N  
E X P L O S I O N  M E C H A N I S M  

(Muller + 2017)

3D initial conditions 1D initial conditions 

13




I M PA C T  O F  P R O G E N I T O R S  O N  
E X P L O S I O N  M E C H A N I S M  

14


δρ/ρ ∝ ℳprog.

• Large mach numbers cause density fluctuations favorable for explosion.

(Muller + 2017)

·Qν ∝ Mgain

• Increase mass in gain region due to non-radial flow in post-
shock region.

How do 3D progenitors help facilitate explosion?

• Increase in non-radial kinetic energy at large scales.

(Couch + 2014, 2015)



Convection in multiple 
3D Progenitor Models

C O N V E C T I O N  I N  M A S S I V E  S TA R S



M A S S I V E  S TA R  C O N V E C T I O N  I N  
M U LT I P L E  P R O G E N I T O R S

Our approach in modeling 3D stellar convection

15

Fe Core Si/O/Ne

15M⊙

Simplified initial conditions

Oxygen shell burning in a massive star. 
(Fields & Couch ApJ, 2020)

Velocity

≈ 0.1R⊙

15M⊙ t − tCC ≈ − 7 min



• 3D simulations using FLASH 
for 14-,20-, and 25  models.


• Evolved ~10 minutes collapse 
using approximate network.

M⊙

16

Initial 1D profile structure for 3D models.


(Fields & Couch ApJ, 2021)

M A S S I V E  S TA R  C O N V E C T I O N  I N  
M U LT I P L E  P R O G E N I T O R S

Surveying different progenitors
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• Models vary in convective 
speeds!


• Large-scale flow 
observed in 20  
model.

M⊙

δρ/ρ ∝ ℳprog.

(Fields & Couch ApJ, 2021)

Bulk properties of 3D 

stellar convection

M A S S I V E  S TA R  C O N V E C T I O N  I N  
M U LT I P L E  P R O G E N I T O R S



• Use 3D data to determine 
1D convection parameters.


• Measure mixing at 
chemical boundaries.

Using 3D simulations to inform 1D stellar models

(Fields & Couch ApJ, 2021)

3D Convection in FLASH

18

M A S S I V E  S TA R  C O N V E C T I O N  I N  
M U LT I P L E  P R O G E N I T O R S



(Fields & Couch ApJ, 2021)

Measuring 3D mixing and chemical enrichment

19

M A S S I V E  S TA R  C O N V E C T I O N  I N  
M U LT I P L E  P R O G E N I T O R S

≈ 0.1R⊙

20M⊙ t − tCC ≈ − 10 min

Entrainment can affect galactic chemical evolution models.



S I M U L AT I O N S  O F  M A S S I V E  S TA R  
C O N V E C T I O N  +  R O TAT I O N

• Estimate AM redistribution. 


• Differences lead to variation 
in PNS spin estimates 
~1-5%.


• Impact compact remnant 
predictions.

Angular momentum transport in 3D models

(Fields ApJL, 2022)

3D Rotating Convection in FLASH

20



21


• AM profile diverges 
from MESA in 
convective regions.

Angular momentum profiles for rotating 3D progenitor.

(Fields ApJL, 2022)

OSi

S I M U L AT I O N S  O F  M A S S I V E  S TA R  
C O N V E C T I O N  +  R O TAT I O N



Building new models of 
stellar explosions

3 D  C C S N  P R O G E N I T O R S  



Complex 3D initial conditions 22


C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S

CCSN explosion models from realistic conditions

(Fields + 2022b, in prep.).

3D CCSN from 3D progenitor
Fe Core Si/O/Ne

15M⊙

Simplified 1D initial conditions



23


C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S

CCSN explosion models from realistic conditions

• 1/2/3D CCSN 
simulations.


• Use 2D/3D 
progenitors. 


• Multi-group/species, 
energy/velocity 
dependent neutrino 
transport, M1.

Mean shock radius evolution for multi-D CCSN models 
(Fields + 2022b, in prep.).

2D
1D



N
or

m
al

iz
ed

 G
W

 S
tr

ai
n

Yes Perturbations
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Impact of 3D progenitor on GW emission?

(O’Connor & Couch, 2018)

Si-shell perturbations shown in GW emission.

No Perturbations

Si

I M PA C T  O N  M U LT I - M E S S E N G E R  
S I G N A L S



25

Si-shell perturbations shown in GW for .fGW ∼ 150 − 600 (Hz)

GW Amplification via Realistic Explosion Models

Si-shell

C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S

(Fields + 2022b, in prep.).



(Pan+ 2021, ApJ).
26


• 3D rotating 
explosion models.


• Detectable at 10 
kpc (60 kpc w/LEN).


• Rotation can 
amplify signal.

Will current detectors hear these signals?

C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S



C O N C L U S I O N S  &  S U M M A R Y

• Convection occurring at many scales, large dominant mode near collapse

Multi-D models can provide input for successful CCSN models

3D models of stellar convection necessary for accurate description 
of state of model near collapse (Fields & Couch, 2020, ApJ; Fields & Couch 2021, ApJ)

• Larger non-radial kinetic energy when using multi-D progenitor input

• 3D CCSN model showed prompt convection, asymmetric shock runaway

• 3D instabilities can affect flow properties and mass entrainment

• Explosion properties suggest robust impact on multi-messenger signals

• Mach number profiles show favorable conditions for explosion.

• Redistribution of AM diverges from MESA model. Implications for remnant.

• Turbulent transport of AM in convective shell regions.

(Fields, 2022b, in prep.)

3D rotating progenitor models ALSO necessary
(Fields ApJL, 2022)



T H A N K  Y O U

Web: carlnotsagan.com

Email: carlnotsagan@lanl.gov

Our data are online and available publicly!

doi.org/10.5281/zenodo.3976246

@carlnotsagan
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L O O K I N G  F O R W A R D

• Field amplification in pre-supernova phase and collapse

Angular momentum transport

Magnetic Fields 

• 3D redistribution affecting our compact object estimates 

• Feedback into AM transport assumed in 1D models

• Long term strength and topology during explosion

• Low energy neutrinos during pre-supernova phase - impact of 3D structure

Neutrinos

• Coupling neutrino emission properties with GW signals of 3D explosions 



M U LT I - D I M E N S I O N A L  
S I M U L AT I O N S  O F  M A S S I V E  S TA R S

• Significant increase in 
Si-shell mach numbers 
at late time. 


• Oxygen-shell reaches 
steady values early on. 


• Values in O-shell lower 
than previous studies 
(Muller+2016)

19


Angle average mach number profiles for 3D model at 
different times (Fields & Couch 2020).

Si

O



M A S S I V E  S TA R  C O N V E C T I O N  I N  
R O TAT I N G  P R O G E N I T O R S

27


Spectrum of radial velocity field for 3D rotating progenitor. 

(Fields 2022)

• Convection across a 
range of scales. 


• Flow tends towards 
large scales at late 
times ( ).ℓ = 3,5,7



M U LT I - D I M E N S I O N A L  
S I M U L AT I O N S  O F  M A S S I V E  S TA R S

• 4pi simulations of oxygen shell burning find bipolar flow near 
collapse in simulation of 18 solar mass star. (Muller +2016)

Silicon-28 Radial Velocity

13




M A S S I V E  S TA R  C O N V E C T I O N  I N  
R O TAT I N G  P R O G E N I T O R S

24


• Advective term in non-
convective regions.


• Angular momentum 
flux components.


• Positive flux in the O-
shell.

Angular momentum flux profiles.

(Fields 2022)

Fturb. = ⟨ρv′￼′￼r j′￼′￼y⟩



C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S

*Preliminary*
• 3D model 

approaching shock 
runaway.


• Large non-radial 
kinetic energy. 


• Test for LESA, 
implications for NS 
kick, etc. 

Slice of entropy in the x-y plane for 3D CCSN model 
(Fields + 2022b, in prep.). 26




• Smaller O-shell Region, 
smaller mach 
numbers,~0.04!


• Convection occurring at 
broad range of scales. 

18


MZAMS = 14M⊙
t − tcc = − 300 (s)

(Fields & Couch ApJ, 2021)

M A S S I V E  S TA R  C O N V E C T I O N  I N  
M U LT I P L E  P R O G E N I T O R S



I N T R O D U C T I O N

(Credit: NASA/ESA) (Credit: ESO)Supernova 1987A

Rely directly on our understanding of massive stars 

Neutron Star Merger

GW170817

AT 2017gfo



What about magnetic fields…?

(Muller + ApJL, 2021)

3D MHD CCSN Explosion

• Weak to moderate B fields 
can affect ordinary 
explosions. 


• Field strength and topology 
prior to collapse not well 
constrained. 

25

C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S



• Explore field strength, 
topology, amplification.


• Make estimates for 
compact remnants.


• Setup for 3D MHD 
explosions. 

Future Efforts: Multi-Dimensional Magneto-
Rotational Progenitor Models

3D MHD Progenitors in FLASH

(Fields ApJL, 2022) 26

C C S N  E X P L O S I O N S  O F  M U LT I - D  
P R O G E N I T O R S


