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FORBES > INNOVATION > SCIENCE

A Very Bright Supernova
Just Appeared Near The Big
Dipper

Jamie Carter Senior Contributor ®
I inspire people to go stargazing, watch the Moon,

enjoy the night sky

Feb. 2011

& . e

Supernova SN 2023ixf in Messier 101 galaxy. 21 May 2023, 21:19 UTC.
-

This image comes from the average of four, 120-second exposures, remotely

taken with the Celestron C14 + Software Bisque Paramount ME + SBIG ST8-XME

robotic unit part of the Virtual Telescope Project. As for the brightness, we found

SN 2023ixf at mag. 10.9 (R mags for the reference stars from GAIA DR2).

Images by Gianluca Masi, Manciano (GR), Italy - MPC code: M50 - The Virtual
Telescope Project - www.virtualtelescope.eu
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Core-collapse supernova:SN1987A

® SN1987A: in the Large Magellanic Cloud, 50 kpc away. 18M, star.

SN1987A

nd)
-

~ S|
2 8 Kll
o 6 : 1
- = : AR | Kamiokande
[ = ; e ® IMB
3 5 401 (*® A Baksan
> 92— s ] *. o
0 5 | —a—oi —_— *
N I—o—} —a— !} - |
S 30 -
> 6 IMB _ @
=7,
T % 0 s s 0 g o o . 2 I
= ~ - =t
e 4- ! | P *
b 3 : * : S 20- ® A
C I 1 1 . 1! @
Q 2 1 Jadadadacadacaacs . :
... .,:'. t_‘ ,. .'.',__-'.;c'---: .‘..' '... -:.. . ' \-..-;-' .".‘ : ‘A.- Y | — : i P, : : = : : ' : 1 +
R A | A .t I (\)b e t . o8
L g © Anglo-Australian servatory .ol > N
et o 4 prmmmmm . Baksan
E 5 ! |
" t > g {
- z| " I
£ | |
1% 2 — ! . : 0 | l [ | I |
= il | : 0 2 4 6 8 10
2 TR e | time (s)
LW - : —e— :
- I - L
| | | | I | | | | I | | | | I | | | | l | | | | I | |

E; [MeV]

® One of the first examples of multi-messenger astronomy.



Mechanism of a core-collapse supernova

Successful
Explosion



Neutrino emission from a supernova g sl
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® Mostly v,. ® Neutrino self-interactions.
® Good laboratory. ® Collective oscillations

14
12
10

o NN B~ OO 0

Cooling

=L\ Vx

:_ X=U,T

Ve

0 2 4 6 8
Time [s]

® Mostly thermal flux

® Cooling sensitive to new physics

® A core-collapse SN emits almost all of its energy in the form of neutrinos.

e ~ 10°% neutrinos are emitted in a period of 10s.



Neutrino propagation through a SN
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Same as the Sun Additional potential

® Neutrino density so high that they feel additional potential due to neutrinos.

This potential can be between difterent neutrino flavours.

Wolfenstein (PRD1978,1979)

Mikheyev and Smirnov (SJNP1985)
Pantaleone (PRD 1992)

O ' 1 ' ' Duan, Fuller, Carlson and Qian (PRD 2006,2007)
Only lab where neutrino selt-interactions become important.  Puan Fuler Carls o s



Detection

r, >y > ",

Vacuum
propagation

Detectors




The matrix of densities : (1+3+3 D)

® Easier to study the behaviour of the flavour ensemble, through
(v,|lv,) (v |v )] (v, |v, ) related to net flavour content
€ e % X ’ g

o(t,r,p) = [

U |v U.|U
( X‘ €> ( x‘ x> (v,|v,.) encodes flavour oscillations

® The Eg. of motion d, Qp(t, r,p) = — i[Hp ; Qp]

—— < o\\.\é\y
_ | : C
H = w + A + ”Jd q(1 = cos0,) e
l l l Coupled, non-linear problem

v )

| MSW matter term

| 4 =V2Gn, |

Three length scales

U2A>w




Collective oscillations - where do we stand?

Axial around z
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Collective oscillations: simple single angle model

Duan, Fuller, Carlson and Qian (PRD 2006,2007)
Hannestad, Raffelt, Sigl and Wong (PRD 2006)

® The simplest system demonstrating collective oscillations:

v: dio,=—1ilw,+pu(e,—0,),0,

T

dtQp — = l[_a)p_l_//t(gq_Q_q)aQ_p]

® Rich physics of an interacting neutrino gas: collective oscillations!



Collective oscillations: effects of non-linearity
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Large change

even with @©(100 km) from the core.

small mixing angle

lllllllllllllll

Suppressed  ® When neutrino density is high,
mixing angle  oscillations are synchronizea.

® As density lowers, system is unstable.
Oscillations grow at a rate
\/a)_,u ~ 10°w.
Bipolar oscillations -
Slow collective oscillations!

® Oscillations can occur tor extremely

tiny mixing angles. and occur at

Duan, Fuller, Carlson and Qian (PRD 2006,2007)
Hannestad, Raffelt, Sigl and Wong (PRD 2006)



Spectral swaps
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® Bipolar instability occurs if there is a spectral crossing.

® Spectral crossing leads to spectral swaps.

Duan, Fuller, Carlson and Qian (PRL 2006)
Dasgupta, Dighe, Raffelt and Smirnov (PRL 2009)

® Smoking-gun signatures of these collective oscillations.  Dpasgupta, dighe, Mirizzi and Raffelt (PRD 2008)
Friedland (PRL 2010)



Collective oscillations - where do we stand?

Axial around z

Stationa:yI

l Spherical

. Azimuthal
Radial
around r
_ _

Raffelt,Sarikas, Seixas (PRL 2013)
. . . Raffelt,Seixas (PRD 2014)
Symmetry imposed su ppresses certain class of solutions. Chakraborty, Mirizzi (PRD 2014)
Mirizzi (PRD 2013)
Abbar, Duan, Shalgar (PRD 2015)
| . Duan, Shalgar (Phys. Lett. 2015)
Feature of the non-linear nature of the equatlons! Mirizzi, Mangano, Saviano (PRD 2015)
Dasgupta, Mirizzi (PRD 2015)
Sawyer (2005, 2009, 2012)
+many more.....




Fast flavour conversions: setup
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® Discard the concept of a distinct neutrino-sphere.
Dasgupta, Mirizzi, MS (JCAP 2017)

® Flavour dependent free-streaming. Leads to different angular distributions for
different flavours - crossing in angular spectral



Fast flavour conversions
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® Rapid tlavour conversions, with a rate proportional to the neutrino density (u).

Dasgupta, Mirizzi, MS (JCAP 2017)

Pee

3 . : :
Rate 10 times S‘OW blpo‘ar conversions. Chakraborty, Izaguirre, Raffelt (JCAP 2016)

® Operative just a few cm outside the neutrino decoupling region.

® Crossing in angular distribution a necessary component.  Morinaga (PRD 2022)
Dasgupta (PRL, 2022)



Why are these collective oscillations relevant?

® Provides a method of converting v,s to v,s deep inside a star.

e \We have (Eyﬂ) > (E, ) . This can lead to net heating of matter outflow, since

the v, can deposit energy. Can be crucial for reheating the stalled shockwave.

e Or it can accelerate neutrino cooling by conversion of v,s to v,s. Hinder

explosion?
® Such conversions are not suppressed by tiny mixing angles.

* vL+n—o>p+e, U,+p—on+e’
Can change the n/p ratio through charged current interactions ot v. Relevant
for nucleosynthesis.



Fast conversions and collisions

X
©
® Fast conversions require different neutrino
angular distributions. N |

® This requires them to have ditterent collisional rates
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® Collisions create the conditions for fast conversions, but do they
damp these oscillations? Capozzi, Dasgupta, Mirizzi, MS, Sigl (PRL 2019)

® |ntense investigations underway. Martin, Carlson, et al (PRD 2021)

Tamborra, Shalgar (PRD 2021, PRD 2023),
Johns (PRL 2022), Johns, Xiong (PRD 2022)
Zhong, Wu, et al (PRD 2023) + ...



Open questions - Probing the tip of the iceberg

. " “? Bhattacharya, Dasgupta (PRL 2021, PRD 2022), Wu et al (PRD 2021),
Final outcome of flavour conversions® e o (PR 2025, PRD 2028 4 -

Method to detect the presence of fast tlavour conversions in SN simulations.

Dasgupta, Mirizzi, MS (PRD 2019)
Glas, Capozzi, MS et al, (PRD 2020),Abbar (JCAP 2020),

Application to SN heating mechanism
Dasgupta, O’'Connor, Ott (PRD 2011), Ehring, Abbar, et al (PRL 2023), Nagakura (PRD 2023)

Extension to three flavours.
Capozzi, MS et al (PRL 2021, PRD 2022), Tamborra, Shalgar (PRD 2021), Richers, Wilcox(PRD 2021)

Impact on r—process nudeosynth esls. MS, Qian et al(ApJ 2021), George, Wu, et al (PRD 2022),
Friedland, Mukhopadhyay (Phys, Lett. 2023)

Ana\ytica\ approach €S Dasgupta, MS (PRD 2018), Dasgupta, Bhattacharya (PRD 2022), Padilla-Gay, Tamborra, Raffelt (PRL
2022), Fiorillo, Raffelt (PRD 2023)

I\/Iany—body phySICS Balantekin and Pehlivan, (PRD 2011), Patwardhan, Cervia, Balantekin (PRD 2019), Xiong (PRD
2022), Martin, Roggero et al (PRD 2022), Siwach, Suliga, Balantekin (PRD 2023), +...

Abbar, Capozzi et al (PRD 2021), Johns, Nagakura (PRD 2021) + ...



Sensitive to new physics

Beyond

RKS @ LEPTONS @@ BOSONS @ HIGGS BOSON

The Standard Model




Sensitive to new physics

New Physics can have an
1. Impact on the neutrino spectra/ tlux, e.g. neutrino properties.

2. Impact on the neutrino luminosity, and average energy, and
duration of neutrino burst - cooling bounds, e.g., new particles.




Probe of new physics - neutronization burst
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® | arge burst of v, in the first ~30 ms post bounce. Robust feature of all simulations.

® Almost negligible amount of 7, and v,_, , -

® Not affected by collective oscillations due to large v — U asymmetry.



Sensitive to neutrino mass-ordering

® 1, propagates as the heaviest state due
to matter (MSW) eftects.

¢ In NMO, v, = ;.

Lve = ‘ UeS ‘2Lorig = 0.02 Lorig
In |MO, v, — U .

2
Lve = ‘ UeZ‘ Lorig = 0.3 Lorig

® |ndependent probe of mass ordering!

1.5220s11 2¢ -
1.5220s27 -

Dighe and Smirnov (PRD 2000)



1. Neutrino decay

NO DECAY

NO DECAY

IMO - suppression

NMO - enhancement v, ~ | U, \21/3 ~ (0.7 1/;“ , |
v,~|U,|" v, ~0.020,"

Decay vs No Decay
| NMO ® Strongest bounds on
<q ' .
B  1kpe non-standard neutrino decay
3 5 % | — 10kpc I/h—>1/1—|—¢
— — — — — 50kpc
ST 100kpc
1] [ ® Confuse mass ordering
0 5 2 determination

de Gouvea, Martinez-Soler, MS (PRD 2019)



2. Dirac vs Majorana

Wrong helicity neutrino

C 1 ))
gDirDVhVZCb‘FH-C-/ ~~~~~~~~~~~~~ . acts as an 'inert
\ 3 Vg = Up+ @ neutrino and cannot
. - be observed.

L % 3
~
S —"
B N

g ” :) D U H . C . 14 . . b
Maj 2 Yh Y P+ \ ---------------- acts as the “antineutrino” -

. produces an e on
. - Interaction—observable

~ >
~
_____
--------

® Different signatures in detectors sensitive tov, and 1, .

® | ook at DUNE and HK

de Gouvea, Martinez-Soler, MS (PRD 2019)



3. Neutrino secret self-interactions (NSSI)

o Consider Z D G (G, 0" yPL P (G5 VIyHL )

where most generally, G = ( Sec | Sex ) . LIRS NH, g4=0.02
Sex T 8 ' / ......... e,initial
=10 II —— e, final
® Non-linear EoMs, extremely sensitive to vSI. s [ ] ‘ —=— X final
T /
idtQp — Hvac+Hmat+\/§GF [quQanQp], w5 ,I {
)
— |
/I

® o # (0 can populate v,

from v, during neutronization.

E[MeV]

® Cause collective oscillations now, giving distinct spectral splits
IN neutronization spectra.

Das, Dighe, MS (JCAP 2017)



4. Pseudo-Dirac neutrinos ; | Vi, om?

® Neutrinos have sub-dominant Majorana mass terms. A2
atm | atmospheric
. . My Mp
Generic Majorana mass matrix .
mD mR YA
2 | ol
Amsol solar

Pseudo-Dirac limit : m; p < mp

e 3 pairs of quasi-degenerate states, separated by ém,

which is much smaller than the usual Amszol and .
2 — '..- g
Amatm. % . | Q é
E J o
. S o =
&) NI 2)
S S
— ] N £
Val, = Uaj(yjs + 1 I/ja) .
V2 .
,-Sun_."
e Oscillations driven by this tiny ém? 107 R pa—
y tnis tiny I 10° 10° 1010 1015

Martinez-Soler, Perez-Gonzalez, MS (PRD 2022) L [m]



Pseudo-Dirac neutrinos: SN1987A
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® Rules out om~ ~ [2.5,3.] X 107"eV~* by Ay~ > 13. 0 10 20 30 40 50

e Slight preference for m?* = 6.31 x 107?%eV~ over the un-oscillated scenario by Ay* ~ 3.

Martinez-Soler, Perez-Gonzalez, MS (PRD 2022)



New physics constraints: SN cooling bound

® New modes of energy loss due to weakly
coupled particles (x).

2
Lx < Ox»
Volume

— Blackbody
surface
emission,

L, < r2 T4 (r))

emission

o If ¥ > % ~ 10°%erg/s, then duration of =
neutrino burst is reduced from ~10s. ;e

| |
® g < g . :not efficiently produced. | :
|

I L
g > g... . efficiently trapped ana Ormin Oma

l0g40 (9y)
reabSOrbed. FIG. 1. Schematic dependence of L, on the coupling

strength gx. The horizontal line denotes the neutrino luminosi-
ty L,. In the range gmin < g < gmax the LEP emission L, would

® Further improvements in treatment st

recent\ Raffelt and Seckel, PRL (1998)
Y- Raffelt, Stars as laboratories for fundamental physics, UCP (1996)

Caputo, Raffelt, Vitagliano (JCAP 2022)
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5. Sterile neutrinos in supernova

10° 5

Diffuse X-ray Background

® keV sterile neutrino production in SN, through A

10 -

(i) adiabatic MSW conversion at radii 10-15 km
inside neutrinosphere

(i1) collisional production due to v, . — n scattering. /ﬁ:’;‘///

H

ms [keV]

Tremaine-Gunn Bound

® 1 is produced from v,. This affects the Vg,
which again affects tlavor conversions.

® Feedback is important!
Reduces bounds.

log;o|Ams/keV]

Arguelles, Brdar, Kopp, (PRD 2019) | '
Tamborra, Wu, Suliga, (JCAP 2019) —8
Raffelt and Zhou (PRD 2011),

14
log;, sin” 20 log,,sin® 26



Sterile neutrino DM from neutrino self-interactions

v(p1) v(p3)

>+

v(p2) V4(Ea)

® v can also be produced inside the SN core due to

new interactions < DA, v U @

® | ead to additional cooling channels. Strong bounds!

m, = 7keV,sin?260 = 7 x 107!

Z — 1nv.

BBN

lllll 1 I|lll|l|| I | Ll I IIII I | | L .
D™ — uvg _/ _

1073

1072 101 1
m,(GeV)

Chen, MS, Tuckler, et al. (JCAP 2022)

10



Relic neutrinos from supernovae

John Beacom, TAUP2011
N >> 1 : Burst N~1:Mini-Burst N<<1:DSNB

looks very promising

Rate ~0.01/yr Rate ~1/yr Rate ~ 108/yr

DSNB=Diffuse Supernova Neutrino Background



Next giant leap in

multi-messenger physics.

corner!

Neutrino decay — DSNB

Detection around the
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Final thoughts

Core-collapse SNe are one of the very few places where v — v interactions are relevant.
Physics ot is collective neutrino oscillations not yet understood completely.

Slow collective oscillations - operative at @(100) km from the core. Rate 107 times faster than
vacuum oscillations. Not suppressed by small mixing angles.

Fast flavour conversions: a type of collective oscillations causing rapid flavour conversions near

the core of the SN ©(10)cm. Rate 10° times faster than slow collective oscillations.

Little dependence on neutrino energy and mixing angle. Fascinating consequences for SN
explosion and nucleosynthesis.

Supernova - as a laboratory for tests of beyond-the-Standard-Model: neutrino decays, Dirac-
Majorana nature, non-standard interactions, new particles, and so on.

THANK YOU!




Future event rates in detectors
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Detector Type Mass (kt) Location Events  Flavors Status
Super-Kamiokande H->O 32 Japan 7,000 Ve Running
LVD CrHon 1 Italy 300 Ve Running
KamLAND C,,Ho, 1 Japan 300 Ve Running
Borexino CrHon 0.3 Italy 100 Ve Running
[ceCube Long string (600) South Pole (10°) Ve Running
Baksan CrHon 0.33 Russia 50 Ve Running
MiniBooNE™ C,,Ho, 0.7 USA 200 Ve (Running)
HALO Pb 0.08 Canada 30 Ve, Vg Running
Daya Bay C,,Hon 0.33 China 100 Ve Running
NOvA~© C,r,Hon 15 USA 4,000 Ve Turning on
SNO+ C,,Ho, 0.8 Canada 300 Ve Near future
MicroBooNE™ Ar 0.17 USA 17 Ve Near future
DUNE Ar 34 USA 3,000 Ve Proposed
Hyper-Kamiokande H->O 560 Japan 110,000 Ve Proposed
JUNO CrHap 20 China 6000 Ve Proposed
RENO-50 CrHo2n 18 Korea 5400 Ve Proposed
LENA C,,Hop, 50 Europe 15,000 Ve Proposed
PINGU Long string (600) South Pole (10°) Ve Proposed




Events per time bin

Future event rates in detectors

Neutronization Accretion Cooling
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3. Neutrino secret self-interactions (NSSI)

SN 1987A
propagation

CERN-TH-2022-024, DESY-22-035, FERMILAB-PUB-22-099-T SN 1987A core // 3
= [this work] 7
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® Scatterings with the cosmic neutrino background could have down-scattered the
neutrinos from SN1987A (blue shaded).

® Non-trivial impact on neutrino spectra through collective oscillations.

Snowmass white paper 2022
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Non-standard Interactions

® Presence of NSI can lead to important
consequences in dense core

£ 2 el 2V 2G @ *LP) (fy, Pf)
e Extra potential V = \/EGFN} gfﬁ)

® | eads to an extra resonance

('l' resonance) it H,, =H,.H,

Changes flavor content deep inside the SN.

® Can reduce Y, during collapse,
leading to lower shock energy.

10-3 I I Plzl
€or i 1
107 I ® 08
] 0.6
10° =
_ 0.4
10° F E
- 0.2
10-7 Lol Ll O
0.001 0.01 1

Amanik, Fuller, (PRD 2007)
See also Amanik, Fuller, Grinstein, Astropart. Phys (2005)



Axion bounds

Axion Bounds and Searches
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SN 1987A Too much
Too many events || energy loss
I I

Globular clusters (helium ignition)
(a-e coupling)

White dwarf

cooling?

Georg Raffelt, MPI Physics, Munich Vistas in Axion Physics, INT, Seattle, 23-26 April 2012

Too many events due to absorption on O,

and subsequent y emission.
40
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SASI effects
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Earth-matter effects

- (MeV)

Fig. 39. — Observable signal E*F,_ with (continuous curve) and without (dotted curve) Earth
crossing.
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Many-body picture: SN oscillations

Flavour isospin operator Flavour isospin operator
ae.(p) = cosfai(p)+sinf az(p) Tt — gt I — g Jzzl ; o
0u(p) = —sind a,(p) + cosf as(p) 4 =al(p)as(p) > = al(p)ac(p) , p = 5 (ac(P)ac(p) — az(p)ax(p))
' Hepe =) m—%af( )a()'m%at( )az(p) o
Vacuum term: we =2\ g 1(P)ar(p) + 3 “az(p)as(p B = (0,0.—1),. = (5in 26,0, — 0520
G
Self-int term: o = 2 37 37 (1 — cos tpq)] al (p)ac (p)al (@)ac (@) + o} (p)az(p)a} (@)az(a)
P q
+al(p)ac(p)al(a)az(q) + al(p)az(p)al(q)aec(q)) ]
V2GF S o
H,,K6 = 1 — 0, Jo -
|4 Z ( w8 pQ) p q Balantekin and Pehlivan, PRD 2011.




Many-body picture: SN oscillations

@ Combined neutrino Hamiltonian (vacuum + self-interactions)

H, =S wB-J, +ur)J-J u= V2
W
L T, T
. w=B-J,+2
Constant of motion: " Yut “w,#w) w —w'

(01032) = (01){O2)

Balantekin and Pehlivan, PRD 2011.



