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Among Various Neutrino-Sources in Nature/Culture =--

Flux (cm=2s" sr' MeV-)
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Neutrino oscillation & properties
Neutrinos as a probe

1BD: inverse beta decay i.+p — e +n
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Physical Review D92, 123519 (2015)
Possible evidence for Planck-scale resonant particle production during inflation

. from the CMB power spectrum
G. J. Mathews,'* M. R. Gangopadhyay,] K. Ichiki,> and T. Kajinoz"1

Planck Collaboration: The J

- Planck-mass Fermion creation coupled to inflation

- Cosmic Variance:
Planck XX arXiv:1502.02114

- Modified inflation effective potential

6000
5000 |

4000

P —  Harza, et al. arXiv:1405.2012,
L — Kitazawa and Sagnotti 1411.6396v2,
S om0 —  Yang and Ma arXiv:1501.00282
1000:—
g £=25~60=10° (Planck & WMAP)
Astrophysical Journal Letters, 951 (2023), L8 Cosmic Background GW ! > Why notv?

The NANOGrav 15 yr Data Set: Evidence for a Gravitational-wave Background

Gabriella Agazie, et al. (The NANOGrav Collaboration) € Pulsar Timing Array Collabs.

Journal of High Energy Astrophysics 47 (2025) 100358

Is the NANOGtrav detection evidence of resonant particle creation during inflation?

M.R. Gangopadhyay “, V.V. Godithi ®*, R. Inui*, K. Ichiki®, T. Kajino def A, Manusankar &,
G.J. Mathews", Yogesh "™
PBH formation enhances Background GW'!



CMB Anisotropy and Polarization exhibit a signal of v mass
and Primordial Magnetic Field (PMF) !

Yamazaki, Kajino, Mathews & Ichiki,; ApJ 825 (2006), L1; PRD, 77, 043005 (2008);
PR D81 (2010), 023008; PR D81 (2010), 103519; Phys. Rep. 517 (2012), 141.

PNELIIEIEE > m = 1072 eV,J8 B = 3 nG (comoving)

Finite mass neutrinos :
Free streaming & integrated Sachs-Wolfe effects, similarly to CDM
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Basic Equations for Metric Perturbation

Isotropic & Homogeneous BG

a’'\2 8rG K .
(a) =35 P 3 Friedmann Eq.
1 a , Hy : : :
ka—2 —Z = ArGép + k — Linear Metric Perturbation

Perturbed Einstein Equation of “Super-Horizon Scale (k1<<1)”

HT + QEHT - 87TGa2(p+p7 Tloxt

Metric perturbation  y_anjsotropic stress [

anisotropic stress due to Megnetic Field

Effective wave number kie = k% + k2
for finite neutrino mass
15 . 4R, + 15—
kym = 5 WHU Qr - ms, V-mass




Signal of v mass

Yamazaki, Kajino, Mathews & Ichiki, Phys. Rep. 517 (2012), 141;
Kojima, Ichiki, Yamazaki, Kajino & Mathews, Phys. Rev. D78 (2008), 045010.
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Primordial Black Holes

PBH is a type of black hole which forms from sufficiently high-density perturbation
in the early Universe. (It is not formed through the gravitational collapse of a star.)

» Collapse of overdense regions within Event horizon

Event
Horizon

: Horizon Horizon Collapse
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Monochromatic (0-func.) vs. Critical collapse (ours)



d*°N 1 Ly(E,M)

> Hawking radiation: dtdE ~ 971 ¢STGME _ (—1)2s’ Electromagnetic cascade
+
. . . 'Y\/e_ .7+’)’bg_>€i,
dN. del"l dNsec
d_E;r(E%M)z dj% (Ey, M) + dij (Ey, M). PBHs '5:.7./ 7+’rig—>'y+7i
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6i+7bg — ei —I—')(a
» Non-thermal photons interact with Light Elements: Y+ Nog = €+ N.

> Observatoinal constraints on{=jEE=ERVAZ 100 (ETR A
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Success of Big-Bang Cosmology

1. BBN

2. CMB Fluctuations

GUTs Baryo-Lepto genesis model

Broken L -symmetry ?
n.~10-2 too large!
ng~10-"°

ossible Solutions

1. Astro-Cosmo.
- Astration of “Li
- Extra Galaxy of 4He

- B-L Asymmetry
- Fluct. IBBN

2. New Physics
- Nature of DM

- V-mag. moment

3. Nucl.-Part. Phys.
- Reaction X-sect.

EMPRESS:
Matsumoto et al., ApJ9

Extremely metal-poor

Crisis of
Unified Theor.?

Theor. ~3 overproductio
Cosmological
Li-problem ! e T

Big-Bang:

New observation !
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Big Bang Nucleosynthesis (BBN)
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& Nuclear Statistical
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Galactic Chemical Evolution
S. Choi, E. Gjergo, T. Kajino, Y. Kim, T. Shima, ApJ, to be submitted (2025).
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Cosmological solution of BBN-Li ? CMB-B Fluctuation !

Luo, Kajino, Kusakabe, Mathews, Astrophys. J.872 (2019),172
Yamazaki, Kajino, Mathews, Ichiki, Phys. Rep. 517 (2012), 141.

Maanetic Field Energy Density:
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INHOMOGENEOUS Primordial Magnetic Field Fluctuations

CMB n (Planck)

Y. Luo, T. Kajino, M. Kusakabe, G. J. Mathews,
Astrophys. J. 872 (2019),172.

"Li-problem, remarkably relaxed !

Needs
The Other Effects such as:

Stellar/Astration Effect, PMF dissipation, _ I
DM particle decay, or Nucl. React. 1 2 3 4 5 6 78910




Mass of W Boson : € = 0.06% excess My = My, (1+¢)

M,, = 80.385 GeV/c? — M,, = 80,433.5 &= 9.4 MeV/c? #SM - Too large ?
(CDF Collaboration, Science 376 (2022), 170-176.)

Neutron Lifetime : 0.24% increase 1 =1, (1+e)* ~ 1, (1+4e) = T X My *

. [Eo Eo 9 dos(Eo; Es)
-

mecz dEe mecz dEe
- 3
Gr |, ' Standard Model
il = — d| Y T;ludd)| 2
[Myile Vv evl{uu lZ + X&v (Glashow-Weinberg-Salam)
3 .
Miilap = %ECA|(uud| S Tipofudd)| o3g,2 Gp=v2\2 (€ p-life!)
i=1 My, = gv/2
Gp  woa- g? (he)® .
= . . x (My/g)2 v = <0[¢|0> : Higgs field
V2 2 e? M\27VC4, (My/le) g = SU(2) gauge X Fermion

. . _ coupl. const.
Cabbibo-Kobayashi-Masukawa matrix elemernts

V] Vas Vi 09745 ..09760] 0.217 ---0.224  0.0018---0.0045
Ve Vi Vi |=l0217 .--0.224 09737-.-0.9753 0.036 ---0.042
Via Vis Vi 0.004 ---0.013 0.035 ---0.042 0.9991--0.9994




Measurement of the W bson mass in
proton-proton collisions at vs= 13 TeV

Too large ?

CMS Preliminary
i =

My in MeV

LEP combination L 80376 + 33 ._{._._. |

Phys. Rep. 532 (2013) 119

DO - 80375 + 23 ‘——0—1
FPRL 108 (2012) 151804 |

CDF — 804335+ 94 :

Science 376 (2022) 6589

ltHCb B | 80354 + 32 ;—-L—c

JHEP 01 (2022) 036 | |
ATLAS 80366.5 + 15.9 -

arxiv:2403.15085, subm. to EPJC |

CMS - 803602 +99 J..-( .a —
This Work (2024) | ' | == EW fit

. 1 li | | ]
80300 80350 80400 80450
my (MeV)




n—pt+e tv,

Neutron Lifetime Measurements

Sashal
Does this discrepancy still remain

experimentally ?
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Big—-Bang Nucleosynthesis, Precise Science ~1%

Smith, Kawano & Malaney, ApJd S85(2003) 219;  Mathews, Kajino & Shima, PRD71 (2005) 21302 (R).
UCN Experiment

-10 Neutron Life
n % 10 Serevlov et al., PL B605 (2005), 72.
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CKM 0.978
Matrix 0.977 X

Neutron beta-decay
“ravitrap" result
‘ifetime)

Factor 3
Overproduction !

x 10710

Number Fraction Number Fraction *He Mass Fraction
% 107"
o N > ()] @ o

Ny | - :
1.276 1.278 1.280 1.282

7\.= -GA/GV

1.266 1.268 1.270 1.

Kirkman et al., ApJ S149 (2003) 1. Q. h? CMB B-decay asym.



New Physics ? : BBN constraint on neutrino magnetic moment

M. Kusakabe, A. B. Balantekin, T. Kajino,
Y. Pehlivan, PR D87 (2013), 085045.

Cosmological: — v+
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Li problem in Red-Clump Stars

Mori, Kusakabe, Balantekin, as 1

Kajino, Famiano (2021), MNRAS 503, 2746'30

1.0 +

05 1

Fowler-Cameron mechanism —
7
“He(*He,y)’Be(e-,v,)’Li g
Additional energy loss induced by
heutrino magnetic moment
=u/1012p; =2 -5
- Activates thermohaline mixing
- heavier “He core
-> more 'Be = 7Li!
(3+ v v
>\/\W< Y Hu
e v v
Pair Plasma

Heger et al., ApJ 696 (2009), 608.

Standard parameter of efficiency of
internal mixing : o,,,=100

Kumar et al. (2020),
Nature Astron.
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Origin of Elements and Roles of Neutrinos in Cosmic Evolution

— Multi-messenger Era with GW, vy, v, Nuclei —

Gravity, EM, Weak, Strong — 4 fundamental

forces
Dark Age

Big-Bang
Nucleosynthesis

Inflation

Quantum g T
Fluct. of tfljfr_.&fﬁai Ct"jm‘t'?“ '
Space-Time ‘- ol » et | 44 |

CMB Fluctuation Collapsar & Supernova Binary BH or Neutr tar Merger
5
3.8x10 Yy Tt~ 1My Long-GRB 100 My < 7 Short-GRB
GRB090423 (z=8.2) ~ 13.1 Gly GW170817 ~ 0.13 Gly



https://www.google.co.jp/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiKwIrp1urMAhUDLaYKHYNvCR8QjRwIBw&url=https://twitter.com/geoscience_bot&psig=AFQjCNFmKOGI5CQAg-8cUym20A0ZrZFtKQ&ust=1463903180003704

pecial: New Learning Series on Genetics, page 70

Cormplexity ~the Science of Surprise | | Your knner Savint
S L
- |

11 Unsolved Mysteries of Physics in the 21st Century

US Academy of Science selected 11 greatest unanswered questions
in modern physics:
Q3 How were the heavy elements made?

Q4 Why do neutrinos have mass?
Finite v—-mass, the only unique evidence to go “beyond the standard model”.

Any observables in flavor
oscillations
(1) (2) (3) (4) do not depend on §¢p when

(Yokomakura et al., Phys. Lett. BS44, 286)

. Hierarchx>§4)irac/ Majorana ?

Hierarchy, still unknown !

v-o0scil. @ high density

Normal ~0.05eV Inverted ~0.1eV

— (mj): l-n:l!— —
L

(Au
(mll:—-

] . spectrum at JUNO, L = 52.5 km
—No osc

O Vu (Amd),, -=1-P,, osc.
—Pge for NO
|

rmal —r.fri0 |

T ot 7 ..> Supernova: Ev< EV, < Ev,=Ev,

Factor ~ 3 (300%)
sensitivity !

Am’y, = 7.9 x 10°eV?

|Am’ 55| = 2.4x10° = (0.05 eV)? < a few % precision is required!




since B2FH, Rev. Mod. Phys. 29 (1957), 547.
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Kajino, Aoki, Balantekin,
Diehl, Famiano, Mathews,
Prog. Part. Nucl. Phys. 107
(2019) 109-166.
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Cosmic & Galactic Evolution, based on F. Timmes model

t/10Gy =10 [Fe/H] m) JLCLIE Iog(NFe/NH){' |°9(NFe/NH)®

,  1ime[Gy]=0.0101 [Fe/H]=-3.7822
1
0 v-Wind SN e
MHP-Jet SN + Collapsar +++*
-4 +
1 0 | .¢ﬁﬁ+ . * .+ .T"+ | ..o“¢
$ + oy f s ?lo¢ Neutron Star Merger , ° |
o+ * T+ ++ ++ T T N ° ’
10_5 " *" o .T,.’?’.”” .., . ¢ + ollld
Tﬁ’ o f
> T T f
% Early Galaxy was dominated by T !
single massive SN & Collapsar.
° ¥ % Neutron Star Merger has arrived later
10—7 in cosmic evolution.
/J\/\ t=0.5~1Gy
ol e R IS 11
100 120 140 160 180 200 Mass A

Yamazaki, He, Kajino, Mathews, Famiano, Tang, Shi, ApJ 933 (2022), 112.



Coalescence Time Delay of of Neutron Star Merger (NSM)

Yamazaki, He, Kajino, et al., ApJ 933 (2022), 112; Zhenyu He, Kajino, et al., ApJ Lett 966 (2024), L34;
Kobayashi, Karakas & Lugaro, ApJ 900 (2020), 179.
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Lifetime of Single S L S b Rev. Rel. 11(2008), 8;
Massive Star 0.0 5 .| T . ] Beniamini (2019) ++
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Redshift — Age relation of Gamma-Ray Bursts

Dimple, et al., MNRAS (2022) 516, Issue 1, pp.1-12
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Why 33Ba(v, e’)'3%La dominates over 3°La(y, n)'38La ?

Weak - process

2nd p nucleus [st p nucleus

0.003

s.s abundance
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136(,‘6 —138(_‘6 _140(,16

s nucleus

decay *4

I34Ba 13SBa
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NC with v,

s.s. abundance
0.457

CC with v,

s.s. abundance
3.205

v-process (y, n)

E,=8.61 MeV

Planck’s energy distribution
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v-flavor Oscill. due to MSW + vv-Quantum Coll. Many-Body Effect

Unified Electroweak Theory,
Nobel Prize 1979

Balantekin, Pehlivan & Kajino, PR D84 (2011), 065008; PR D90 (2014), 065011;
PR D98 (2018), 083002; Duan, Fuller, Carlson & Qian, PRL 97 (2006), 241101;
Fogli, Lisi, Marrone, Mirizzi, JCAP 12 (2007) 010; Sasaki, Kajino, Takiwaki,
Hayakawa, Balantekin, Pehlivan, PR D96 (2017), 043013; Yao, Kajino, Luo et al.
(2025), ApJ 980, 247.

GWS standard model

. ~ . dy
- N 0:; = arceos (i) ! d.ty =i (HV —l_ He —l_ Hy)lljf/(temﬂ Eﬂ u) r) ]
“‘. Uultem, B, u,7) M2
proto- B M
Neutron Star _0 = arcoos (u) — H,=U E U, Vacuum
v-sphere ~10km F = NG Gpn, (r)diag(1,0,0), MSW

. -

Collective flavor oscillation in coherent v-v scattering

el dznv dznﬂ /
H, fGFZ dE'dQ' (1 — uu') = py, (lems E ' 1) ———=p% (tem, E' U/, 7)].

dE' dQ’ dE'dQ)
v angle dep !
p o VB
— > >© wp=ep
Voc VB Voc

10%8 v' s with 3-flavors & multi-angles ! s Mean Field Approx.



138Ba(v,, e~ )138La

v-Energy Spectral Change due to
Collective Oscill. (Mean-field approx.)

(d¢/dEy)*a,(10'° MeV-1s'cm?)
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after Coll. Oscill.
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Yao, Kajino, Luo et al. (2025), ApJ 980, 247.
Calculated Result Yao, Luo, Kajino et al. (2025), CPC 49, v9.

Nonburning hydrogen Luo, Yao, Kajino et al. (2025), to be submitted.

Hydrogen fusion

Helium fusion

The effect of collective v-oscillation at high-density
inside exploding SN!

Carbon fusion

Oxygen fusion

Neon fusion

Magnesium
fusion

138La from v-process manifests very large
e N difference between normal and inverted hierarchy
ron ash T by more than factor of 3 (> 300%)!

Silicon fusion

A Inverted ] 160 ‘He |
10719 E F o 10
i 1 2ONe K
. -1
L 24Mg 12C 10
10—11_
- 1 Normal 286 ﬂ =
71072
I 160 ]
107124 12 i
F C _10—3
10_13; ';10_4
2 3 3 4 5 6




Nucleosynthesis constrains v-Hierarchy with SUPERNOVA Grains

Pre-solar dust grains scanning e-micrographs
E. Zinner (2008), Meteorite Scientist

(a) Silicon-carbide

(b) Graphite,

(c) Graphite slice with inner TiC grain,

(d) Aluminum oxide, (e) Spinel, (f) Silicate

Characteristics of SiC X-Grains

14N/15N

10°L

10%E |

- - Enhanced '2C (12C/'3C > Solar)

- Enhanced 28Si (28Si/ 22:30Si > Solar)

- Decay of 26Al (t,,=7x10°yr), 44Ti (t,,,=60yr)
- - Deficient *N (*N/'°N < Solar)

Mainstream
A+B

Probe of SN v-Flavor Oscillations

10! 5 MSW effect:
: © Mathews, Kajino, Aoki & Fujiya, PR D85, 105023 (2012),
N . Kajino, Mathews, Hayakawa, J. Phys. G41 (2014), 044007
10 P e T | T T " T L0
10° 10’ :
126/13¢ Collective + MSW effects:

Yao, Kajino, Luo, et al., ApJ 980, 247 (2025)



Obs. Test No. 1 -SiC X grain Yao, Kaijino, Luo et al. (2025), ApJ 980, 247.

Isotopic Correlation 138La/13°La vs. 'B/1'B

Yao, Luo, Kajino et al. (2025), CPC 49, v9.

SiC X presolar grains > SN grain

- Enhanced 2C ('2C/'3C > Solar)
- Enhanced 28Si (28Si/ 2°30Sj > Solar)

- Deficient #N (“N/'N < Solar)
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ISM (~ solar composition)
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He layer 1.65M(,
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5.93Mg

0 , . :
19 -2 16-3 10-2 16-1
138La/139La

10°

Fujiya, Hoppe, Ott, ApJ 730 (2011),
L7; Hoppe, Lodders, Strebel, et al.,
ApJ 551 (2001), 478.
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Roles of v-A Interactions
for v-process Nucleosynthesis

Single Massive Stars Neutron-Star Mergers
SNe, Hne, Collapsars

Carbon fusion

Oxygen fusion

UUUUU



Cosmic Evolution
History Summary

Inflation; Cosmic BG-GW, observed (2023)?

Primordial
Black Hole

BBN and Cosmic BG-v are unique cosmological

EW Transition i :
observable window to the early Universe!

QCDTransition
100

MeV v-dec, e*e-annihilation

100 <& Big-Bang Nucleosynthesis '
keV T <1MeV |I ‘

Radiation-Dom. Era

100+ \
e . \
Different \ CMB Anisotropies
Cosmological \
Models Matter-Dom. Era

\‘.
\

Q,, fine tuning ?

7 | AI ] T I } TJI

0 10 10
1043 s Supernova is a unique astrophysical observable window
to v mass hierarchy!
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