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Core-collapse supernovae (CCSNe)

CCSN: death of a massive (>10 M, ) star

Red or Blue supergiants: advanced stages of
ot Wik A . e nuclear burning

Core Collapses

i Fe core: Fusion turns off: loss of pressure

form neutrons. Core shrinks. !
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Core collapses

Neutrons bounce back infalling matter,
due to The Strong Nuclear Force ¥ l

Collapsed core: very dense (nuclear densities):
Shockwave slows down I n CO m p reSS i b I e

!

Shockwave accelerated by massive neutrino

eovod Exponon gt than s gy Infalling matter bounces off:

The remnant is a neutron star or a black
hole, initially 100 billion degrees K hot!

Shockwave produced

Star explodes: Supernova
Neutron star forming collapse (NSFC)

Shockwave stalls
Failed Supernova <«— Shockwave dies down /
Black hole forming collapse (BHFC)

Shockwave re-energized l

Credits: https://images-na.ssl-images-amazon.com/images/l/61yf26rpIXL._AC_SL1000_.jpg
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Core-collapse supernovae (CCSNe)

CCSN: death of a massive (>10 M ) star

Chandrasekhar limit, 1.44 M,
Core Collapses

A Red or Blue supergiants: advanced stages of

nuclear burning

}

Fe core: Fusion turns off: loss of pressure

!

e Bierg e v ': Core collapses
/7 -

!

Collapsed core: very dense (nuclear densities):

Protons combine electrons and
form neutrons. Core shrinks

Shockwave slows down

.
Incompressible

Shockwave accelerated by massive neutrino l

flow. Star is torn apart. 10* J of energy re-

leased. Explosion brighter than entire galaxy .

T Infalling matter bounces off:

Shockwave produced

Neutrinos emitted right l

Shockwave stalled:
. Star explodes: Supernova
after the collapse: accelerated by neutrinos P P
collapsed core cools

Giunti and Kim. Fundamentals of Neutrino Physics and Astrophysics (2007)
Janka, Langanke, Marek and Martinez-Pinedo, et.al. Phys. Rept., 442:38—74, (2007)
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diffusion time,
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NS vs. BH formation, -
transparency time, neutrl NOS
integrated losses,
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Following
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2020

Graphics by: Frank Timmes

6



g\1012 I‘ RN IR | IIIIIII‘ o

%10”_ 0.1 sec _i
S0 . 1.0sec _
Z 10° E\\ _____ 2.0 sec _z,
108 '\\ ....... 5.0 sec _z
107 [ ... 15.7 sec]
oS p i
105;_ ‘x.\\\\ N _;.
1041 N -....\\\i"/ ' -
103 | Pr N -
102 | T

10

1
10—1 II|7I IHHHISI IHH”|QI IIIIIII|1OI -

10 10 10 10

R (cm)

R. Tomas, M. Kachelriess, G. Raffelt, A. Dighe, H. T. Janka, and L. Scheck, JCAP 09, 015
7



o [g cm™]

10%
5000}

1000}

100}

Shocks in CCSNe: Matter profile (t = 5.0 s)
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Shocks in CCSNe: Signatures in neutrinos

Neutrinos

l

Oscillate due to the matter profile (The MSW effect)

|

Presence of shocks: Breaks adiabaticity
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Can also be used to constrain turbulence
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The Double-dip feature

R. Tomas, M. Kachelriess, G. Raffelt, A. Dighe, H. T. Janka, and L. Scheck, JCAP 09, 015




Turbulence in CCSN

Turbulence develops

A\

3e-06 5e+03 letd4 2e+04 2.eT04

Amplitude of vorticity 0'08_-1 o I0:5I 1 - 5\ 10

r [x 10% km]
Due to instabilities:

Standing accretion shock instability (SASI)
Neutrino-driven convection

D. Radice, E. Abdikamalav, C. Ott, P. Mosta, S. M. Couch, and L. F.
Roberts, J. Phys. G: Nucl. Part. Phys. 45 (2018) 053003 10
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Generating turbulence

| _—~Turbulence develops
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Generating turbulence

: Turbulence develops
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Generating turbulence

: Turbulence develops
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Generating turbulence

Turbulence develops
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Evolution: Slab Approximation
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Parallelized Python code....

C. Giunti and C.W. Kim, Fundamentals of Neutrino Physics and Astrophysics (2007)
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The Double-dip: Effects of Turbulence
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Upcoming neutrino detectors

Sanford Underground
Researc h Facility B Fermilab
800 miles e :
</(1300ki\oﬂ‘e‘er‘? oo¥ezzzE
R e e \
e Y'Y/'v'iva' 21 NEUTRINO ¢
e R PRODUCTION S

‘ S PARTICLE
DETECTOR
L UNDERGROUND
PARTICLE DETECTOR

Liquid Argon time-projection chambers (LArTPC)

70 ton of ultra cold liquid argon

Charged current interaction: v, +%9 Ar —% K* + ¢~

DUNE collaboration JINST 15 (2020), arXiv: 2002.02967

Hyper-Kamiokande

Water Cherenkov detector

187 kton of ultra pure water

Inverse-beta decay (IBD): U, + p — e¢™ +n

https://www-sk.icrr.u-tokyo.ac.jp/en/hk/about/detector/
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Constraining turbulence in DUNE
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Constraining turbulence in Hyper-K

300 o 12 000f -
HK ! HK
| E— |
250y a = 1.65 10000} sy C.=0.1
200) 8000f P L
~_150) = 6000}
> i Lo
100! 4000 P — a=2.0 -
..... a=1.65 rererres
2000}
50 a=1.05 \
o) . .
Of T N— — 10 20 30 40
0.05 0.10 \0.50 1 E [MeV]
C. ’
HK Poor sensitivity to the
12000! . spectral index
................. a=1.65
10000} :
Will be able to constrain the S |
amplitude of turbulence sooOF b
IQm |
= 6000t — C,=0.005  §..
| — —_—
4000| C.=0.02
2000 {0 C.=0.1 I
ol — C,=05
10 20 30 40
E, [MeV] o4



Dessert: Takeaways

Upcoming heutrino detectors can constrain turbulence in
supernovae

Neutrinos can act as probes of shock propagation in CCSNe: only messengers with
shock wave information from deep inside

Turbulence can develop behind shocks due to various instabilities

The double-dip feature associated with the FS and RS can be washed out due to
turbulence

DUNE and Hyper-K can help constrain the amplitude of turbulence for a galactic

supernova, however no significant information is obtained regarding the spectrum of
turbulence.

Questions and caveats

More realistic: 3D turbulence (k,, ky, k), evolving matter density profile

Large amplitude effects

Collective oscillation effects: fast-flavor instabilities
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Thank You!

Team Neutrino
reporting from a core-
collapse supernova!
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