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Supernova neutrinos
Neutrino nucleon scattering in magnetic fielc

Effect of exo- and endo-energetic scattering In
neutrino spectra

Possibilities of observations by the Cherenkov
Large Volume Neutrino Telescopes (IceCube,
KM3NeT and Baikal-GVD detectors)
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Before and after pictures of SN1987a




Hertzsprung- Russell (H-R) diagram

Stefan-Boltzmann
Law for flux

luminosity L
of a star with
radius R &
surface temperature T
L~(Surface) T4~R2T*
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Nhell-Structured Gravitational Supernova
Shock Wave

Alunk Regum
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star

Neutrino
Cooling

Proto-Neutron Star
P = Poye =3 %10 gem
T=10 MeV

Gravitational binding energy

E, = 10>3°erg = 20% Mg C?

This 1s distributed as
99% Neutrinos

1% Kinetic energy of explosion
(1% of this into cosmic rays)

0.01% Photons, outshine host galaxy
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Core-collapse supernova

high-mass(M>10M,)sta
Evolution on HR diagram

explosive 2
nucleosynthesis $
origin of 2
Heavy Nuclides 5

10,000 € 0C0

surface tempsarature (Kelvin)



INTEGRAL
VIRGO.UA

IBIS/ISGRI

Energy range 20 keV — 1 MeV
Energy resolution (FWHM) 7% at 100 keV
Detector area 960 cm?2 at 50 keV

SPI

1
Il 1 o
'
u
i\ 8

Energy range 20 keV — 8 MeV
Energy resolution (FWHM) 2.35 keV at 1.33 MeV
Detector area ~500 em?
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CAS A(3.4+o.3-o.1)kpc, TYCHO(2.2+/-0.3)kpC

01144650
-

IGR J00370+6122

0053+604
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CassiopeiaA (3.4+0.3-0.1)kpc
Energy range (keV): 20-62-72-82-100
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F The direction (i.e.. pixel number) dependence of the registered gamma-ray flux at different

energy ranges: 20—-62 keV - a, 62-72 keV - b, 72-82 keV - c; for the angle region

containing the Cassiopeia A SN remnant. The right bottom panel (d) represents the spectrum

from the Cassiopeia A in the energy range 20-95 keV, the solid line shows the] fit with the
power law energy E dependence, .

Intensity, 1/s

Intensily, &'




Background estimate + Lines

K-E®?

a=-3.64 +/- 0.09

000012 4

I, photoms'cm’s

L ph
i
——t
o s—

E. keV

I = Al photons/(cm’s)

67.9

(6.0 =1.0)10°

783

(4.0=1.0)107

T=1.5Ms
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SN1987 A (50kpc)
Energy range (keV): 20-62-72-82-100

SN 19874 SN 19874
+ g

SN 19874 SN 19874
+ =




S.A.Grebenev et al Nature, 490, 373-375 (2012).
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Neutrinos from CCSN /H. T. Janka [arXiv:1702.08713]
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0

Time after core bounce (s)

Four stages: Infall (~ 10 ms); Neutronization (~50ms); Accretion (~1 s ); Cooling (~9 s)

Neutrino mean energy time evolution for core-collapse 3) of 27Mg,,
for the different neutrino species/H. T. Janka [arXiv:1702.08713]
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Electron flavor (v, and v,)

l
Free
streaming

!

Thermal Equilibrium

Neutrino sphere

Other flavors (v, v, v, V;)

SN i N Scattering Atmosphere

ve & ve VIV = VY =
— ree
NN & N Nl’v streaming
ete” o vy |
VeVe © VuVu Diffusion
I
Energy sphere Transport sphere

f(E) x E® e~ (@t DE/ Eay



explosions proceed through convection
processes

V.sphere

Mmagneto-rotational

Instabilities &

dynamo-action
-> amplifying

o

‘“‘.‘
L
|
|

Magnetic fields
up to strengths

tens tera-tesla
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The magnetic field evaluation

(S.G.Moiseenko, G.S.Bisnovatyj-Kogan, N.V.Ardeljan, MNRAS 370 (2006) 501)
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Magnetic field estimates

predominant energy component of shock wave E,
origlinates from the magnetic pressure

2AR~ ~1051.5
<B,?>R ?AR~2E, ~10°*~ergs
R,~40Km; AR~ 1Km

BV~1O1 - 102 TeraTesla

B(R) ~B AR, /R




Magnetic field estimates

Magnetic and gravitational forces

dB?/dR ~ 8mnGM n (R)/R?

4rR? n(R) = dM/dR
B~10!~TeraTesla (M/M,)(10km/R)?

R,~ 40Km; AR~ 1Km

BV~1O1 - 102 TeraTesla




Kinetic Equation for f(E,,I)

« df/dl = offol + V oflOE,, = A f +St][f]
=0

« V=dE /dl =n;S,! - energy transfer

29



Vsphere density n~10%2 g cm-3
' Tg cm3

[ ~ 5-10 MeV

P, =~ 40 MeV/c
(n/Tg cm™ )13
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V-sphere : neutrino-nucleons scattering

Er1," = (Pe2" €)/2My €2
~ 0.88 MeV

neutral current
Gamow-Teller (GT) operator

GTO — O't()

IfN — (GN N N)-l — 100 m

31



V-sphere : neutrino-electrons scattering

—
€ — e
E-.,°=PpP,° C gzo
~ 40 MeV :

Ife - (Ge ne )-1 ~ 10 km R_R'““-?-H_H_h_ ﬂ_ﬁf\zﬁ-f--f"f"



NEUTRINO NUCLEAR SCATTERING
V. N. K. etal. PRC 100(2019)045802

S (E,T) = f (—E)"(E, — E)?Z4y, (E, T)dE

Thermal strength function
5
Ser, ET) = 27°(1) ) e T [GIGT, NI 6(E — E; +E,)
if
GTO — O't()

neutral Gamow-Teller (GT) operator

Z(T) - partition function

N



NEUTRINO NUCLEON SCATTERING
In Ultra-Strong Magnetic Fields

> splitting Energy spin-up(down)  m., l
A = |galunH = |gawr I
Sn ~oagr, A" D, -
¢, = [exp{—0r}(1 +0g)" + (—=1)"
x exp{0r}(1 — 0g)*0(1 — 6g)] /{2cosh(d7)}
or = A/2T o = A/E,



Energy transfer cross section in units ~ So 2\
T/A ] | ' ' ' ' '




For a case A < T, FE,
Sl ~ UGTOAéE(Q — EL,/QT)

SQ ~ 0OGT, AZ

OGTgy ~10%>cm? (E,/10 MeV)?
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Kinetic Equation A < 1, L,
of lol = ALE (2 —E, /2 T) of IOE,
f (Ev’l ):f (gl (Ev) )

|, ~ 100m (10MeV/A)? (10Tg cm=3/n)

A=1-ex
38



dE /I =11E (2 —E,/2T)

E=g,(E,) E,—energy at distance |

=e, E, /(1 — (1 —e,) E/4T)

e, = exp{l/ 1.}
|, ~ 100m (10MeV/A)? (10Tg cm3/n)
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T=5MeV, € =1,2,3

By MEV
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T=10MeV, € =1,2,3




T=5-10MeV, e, =1,2, 3

6 ;\N 1

E, , MeV
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0.5¢

T =10 MeV
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i, |
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T=5-10 MeV

E,, , MeV
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ODbservation of supernova neutrino flux
by Large Volume Neutrino Telescopes

KM3NeT & Baikal-GVD
Digital Optical Module (DOE)

Ve +p — e +n
v+~ 2> v +e°

,, “% ve+1°0 = e~ +16F
g o

ﬁ

22 L



Neutrino L L 3knK) . IR

ﬂuence D(7) ~ antd? 1057 /S x( 7 ) x 10*“ v sec cm
L & d — luminosity & distance to SN

Count rate ray() =0() Z. ni<o' o>~ L<e3>/d?

SN signal

<ol g >=|de W(e) 6i(¢) p(e) ~ < £3° >

Ve +p — et +n

n
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ITyaCCOHOBCKHE MOTOKH —
curaai (SN) + ¢on (B)

P(X1+Xp=k) _ 1) P SN
PX=) (1+ B) e PUSN =~ ] A krB.
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OtrHomenue curHali (SN) / ¢on (B)

300 | 300

cueHan/ghon
2

cueran/gon

(FY)
<
]

3 L N L . L ) 3 1 1
1 3 10 30 1 10 100
PaCCTOSIIlMe. KT K Paccrosinume. K1k
Paccrosaus
1
. kpuBble 1,2,3,4,5u6--1,2,3,5, 8 u 12 coBnageHuii di = dy,|3/(4k=1)
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Distance

PaccrossHus

dy = duf3/(4-1)
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Neutrino masses &
vacuumpaeutr N Oogciflations

weak Interaction eigenstates
NEUTRINO V. € =2 positron
v, €= muon

MASS eigenstates |t1) &Iv:) with masses
m & my

lv,) =c0sb, |v,)+sind, |v,)

v,) =sin6, |v)+cosb, |v,)

(vacuum) mixing angle Vv .



time t=0 2  |o(t=0)) =|v,) =cos9,
Each eigenstate propagates with a phase

v,)+sing,

L, )
A

exp {i(k¢ —at)f = e><|O{i CENS )}

: m;
neutrino mass<<momentum z\/mf+k2 > k[“yj

2 2
o(t)) = exp{i [I& gt ;(mz tj}

:coseu |v,)exp{iom®t/ 4k} +sing, |v,)exp {—i5m2t/4k}]

2 2 2
BEAT PHASE om” =m; —m;



PROBABILITY for neutrino state
to remain|v.) at timet

P, (®) = [(v.]o®)

. - 9 - 9 5m2t = 2
=1-sin’ 26 sin ( 0 j , 1-sin"26,

_ - 2 - 5m2C4X
m<< E ~k > PF(X)=1-sin"26,sin [ pr- j
e 4rncE
oscillation length °  smZc?

2 -12 2
E~ 1 MeV: sensitivity to om; 2107 eV



initial muon neutrino (|v(t =0)>=\Uﬂ> ) is
(-~ m’ +m;
|u(t)>:exp{|(kx—kt—TtJ}

[—sin@

v

(eq.B)
v,)exp{-ism’t/ 4k}]

v,)exp{iom?t/ 4k} +cos6),

more general form
u(t=0))=a,(t=0)|v,)+a,(t=0)|v,)

From egs. (A) and (B) =2 propagation is described by
changes In a.(Xx) & a,(X) according to

.d(a ) 1 [-6m°cos26, om*in26, \(a,
i—| ° |=—
dx{a,) 4E| sm%in20, oSm’cos26, )\ a,



Discovering Mass

The farther neuttinos tracsel, the more time they haose to ozdllate | B
camparing the rafio of Aavors of newlrinos coming "up” through the Earth
to those coming from overhead, pheyesicists determined thak neurinos
ozdillake , which neutiinos can only do if they hae mass.

A COETG Ly
=g alby 2 proton]
oM Space

Crzdillating
HeutHnos

A neutiinog skikes anather
eleme htary paticde in the
datector bank. The inberaction
iz recorded and analyeed by
soientists o identify both the
flavor of the neutring and its

Meurinos continue oh
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COEIniG ey Exrth:
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Number of Muon-Neutrino Events

200

——  Prediction without neutrino oscillation
—-— Prediction with neutrino oscillation
® Super-Kamiokande measurement
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Number of Events

SuperKamiokande
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solution for Cl/Ga/Kamiokande/Super-
Kamiokande solar neutrino puzzle




60



Mikheyev-Smirnov-Wolfenstein effect

NEUTRINO WAVE FUNCTION in matter
lu(X)) = ae(x)\ue>+aﬂ(x)‘uﬂ>

coordinate along neutrino’s path ~ ANXAN
Amplitudes ae(X)& a,(x)

i q [ae]_ 1 (2EV2G.p(X) - Sm2c0s26, om’sin26, [aeJ
dx\a,) 4E sm?sin20, 2E~2G . p(x) + Sm%cos26, )\ &,

contribution 2Ev2G; p(x) diagonal parts.

neutrino-electron scattering.
Gg -- the weak coupling constant &

PX) Solar electron density



LIGHT & HEAVY local mass eigenstates
v, ) =cosO(X) |v,)—sind(x) |v, )

v,) =sind(X) |v,)+cosé(x) |v,)

local mixing angle

sin 20(x) = ——12%,
JX2(x) +sin? 26,
c0s 26(X) = —X)

JX2(x) +5sin? 26,

X (x) = 2E~/2G. p(X)E / m? — cos 26,
O(x) € 6, 5 ™ as density 2(X) 0> F



neutrino
‘U(X)> =ay (X)‘UH (X)> + aL(X)‘UL(X)>

propagation in terms of the LOCAL MASS H GENSTATES

ii ay | 1 A(X)  1a(X) a,
dxla, )] 4E\ -ie(x) -A(x) )\a,

om’ 2 . 2

local mass eigenstates Splitting 24(X) = ZrE XE(X) +sin? 26,

a(x)—( E j\/EGFaXp(x)sinzeu
& mixing esm? ) X3(x)+sin 20,



Mikheyev-Smirnov-Wolfenstein
avolded level crossing

O(x) ~7/2 0(x) ~0,
v ~lve v~
lni2
2_E gt .
- M= ~ly=> V= ~|re= -
poa ES p—0
= = L] ] . = 2
splitting minimum value: -- sin26,6m*/2E

.- . 2
atcritical density 2. = P(X.) € 2\/2EG, P, =0m"Cos 20,
cross point for diagonal elements of original flavor matrix



diagonal >> off-diagonal elements

sin®20, ( sm? 1 X *(x) +sin® 26,
cos26, \ 2E )|p;"0,p(x)  sin®26,

A(X)
a(X)

1

y(X) =

stringent to roSSing point

sin®20, ( om? 1
AT ( 2E j P 0,p()| -
ELECTRON NEUTRINO SURVIVAL PROBABILITY
(adiabatic’e 1)
adiab 1 1
P~ =—+—co0s20 cos20
; 2 2
0, =0(x)

at point(density) XAN
of neutrino creation.

local mixing angle ™



- 1 Ve + p — et 4+ n SNvsignal co

I | H 10-102 g/cc Uz‘ rSN(t) ~ L <35> /d2
O r1 (E’? ‘ o

p

MSW Resonances inside a SN g2 — 4590 + (1 - g)d9,

Normal mass ordering Inverted mass ordering

NO -> (= 0.55

10->Q=~0




Rate vsS mass ordering
P! ¥ rSN/:rl

s b1 20




SUMMARY

*\We analyze the neutrino dynamics
In hot & dense matter, SNe

At finite temperature neutrinos
undergo exo- and endo-energetic
scattering on nuclel due to the
Gamow-Teller component of
neutral current.
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SUMMARY

Kinetic equation for a neutrino phase-space distribution
function

energy transfer coefficient changes from positive to
negative values when the neutrino energy exceeds four
times the temperature.

Overall increase neutrino energy

Favorable for observation supernova neutrino flux by
Large Volume Neutrino Telescopes
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(MeV) Supernova neutrinos

¥ ARCA background | :
- 10°; KM3NeT 4 ORCA background i ORCA+ARCA, 40 MO
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Single OM activation
No reconstruction

Inverse Beta Decay

(O(10 MeV) electron antineutrinos

(2



putter 10 min of data — lIime evolution of supernova signal
2 2 hits in 5 ns KM3NeT collaboration, Eur. Phys. J. C 81 (2021)

6800 { KM3NeT/ARCA:!
20 Mo @5kpc !

6600 -

Counts per 2ms
(o)
S
O
@)

6200 -

6000 -

1 1
—500 —250 O 250 500 750 1000
Time [ms]
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The magnetic field evaluation

(S.G.Moiseenko, G.S.Bisnovatyj-Kogan, N.V.Ardeljan, MNRAS 370 (2006) 501)
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Magnetic field estimates

predominant energy component of shock wave E,
origlinates from the magnetic pressure

2AR~ ~1051.5
<B,?>R ?AR~2E, ~10°*~ergs
R,~ 40Km; ®R~1Km

BV~1O1 - 102 TeraTesla

BR)~B, R, /R




Magnetic field estimates

Magnetic and gravitational forces

dB?/dR ~ 8mnGM n (R)/R?

4rR? n(R) = dM/dR
B~10!~TeraTesla (M/M,)(10km/R)?

RV~ 40Km:; 3R~ 1Km

BV~1O1 - 102 TeraTesla




Kunernyeckoe ypaBHEHUE A f(EV 1): ®oxkepa-I1nanka

df of of 0pof
— = 4 p— — A[f] +St[f] = Oy
at ot TPor Tacay = A SWI=0
DIIyKTyUPYIOIIHE BEIUYViHbi: D =p+ 0p
A af

f=f+8f = 6f=—(f—f)=—76p



Ycnequssa Kunernaeckoe ypaBHEHUE 11 f(EV 1):
dokkepa-1limanka

of  0pdf 10 <ép*>0%f
ot  dtdp 2 9t  Op?

S| = |dE (-E)" (do; /dE)

.‘;_IZ: dE /dl =n,S;' -koad. mepenoca

.6<5p2> _ S i - CmpaZJZLIHZ
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Kinetic Equation for f(E,,I)
« df/dl = oflol + V ofloOE , = A f +St][f]

« V=dE /dl =n;S,! - energy transfer
coefficient

S i =|dE (-E)" (do; /dE)
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Time profile of
neutrino burst
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B
o

N W
o o

Luminosity [10%2 erg/s]
o

1kpc = 3.08567758 x 1019 meTpa

82



core-collapse SN of 27M,, / Garching group simulations
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